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ABSTRACT
This bulletin is a summary of studies conducted to determine the
causes of steam turbine blade deposits. The types of deposits en-
countered are divided into two classes - water soluble and insoluble.
The water soluble deposits are the result of carry-over of boiler water
containing the salts into the steam. The insoluble type, consisting
mainly of silica, has been found to be the result of a volatile silica
compound being formed at the higher steam pressures.
A study of the solubility of salts in high pressure steam is reported,
showing that salts normally found in boiler water are not appreciably
soluble in saturated steam at pressures below 2000 lb. per sq. in. How-
ever, these salts are soluble in superheated steam at pressures as low
as 600 lb. per sq. in.
A series of tests is reported which shows that silica, possibly as
silicic acid, distills off from the boiler water in appreciable amounts
above 600 lb. per sq. in. At 1500 lb. per sq. in. the silica in the steam
is found to be about one per cent of the silica in the boiler water. Silica
as low as 0.2 p.p.m. in the steam will cause deposition in the turbine,
which necessitates the maintenance of silica in the boiler water in the
higher pressure boilers in amounts less than 10 p.p.m. in order to
prevent silica deposits in the turbine.
A method for determining small amounts of silica in steam is
reported.
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STEAM TURBINE BLADE DEPOSITS
I. INTRODUCTION
1. Purpose of Investigation.-One of the main causes of loss of
capacity and efficiency in steam turbines is turbine blade deposits. In
1936, the results of an investigation made as to the causes of these
deposits were published in Bulletin No. 282 of the Engineering Ex-
periment Station of the University of Illinois entitled "The Cause and
Prevention of Steam Turbine Deposits." The main type of deposit
encountered at the time of this previous study, found to be water
soluble, occurred in the higher pressure end of the turbines. Tests re-
ported in Bulletin No. 282 were confined to pressures of 600 lb. per sq.
in. and lower.
In recent years, a new type of deposit has been found in steam
turbines. When the steam pressures were around 600 lb. per sq. in., the
deposits were water soluble and could be readily removed by means
of a water wash. The average type of deposit was mainly the sodium
salts such as chloride, sulfate, and silicates, along with sodium hy-
droxide.
With the increase of the steam pressures to 1200 lb. per sq. in. and
the installation of topping turbines, the type of deposit formed in the
high pressure end of the topping turbine is similar to the types pre-
viously found and is water soluble. However, at the low pressure end
of the topping turbine and in the low pressure machines, a deposit is
found which consists mainly of silica (SiO2) in its various crystalline
forms. It is insoluble in water and may only be removed by mechanical
cleaning or washing with sodium hydroxide.
The purpose of the present investigation has been to assemble
further data relative to the occurrence of deposits on steam turbine
blades in order to determine their causes and to devise methods of
preventing them.
2. Method of Investigation.-The general method followed in con-
ducting this investigation has involved the assembling of data ob-
tained from power plant experience. From these data, conclusions
have been reached relative to the possible causes of deposits on steam
turbine blades. Laboratory investigations have been made to estab-
lish the possible causes of the blade deposits and to devise methods
of preventing their occurrence.
3. Sponsors of Investigation.-The material embodied in this bul-
letin is the result of a research project sponsored at the University of
9
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Illinois by the Utilities Research Commission of Chicago, Illinois,
representing the following companies: Commonwealth Edison Com-
pany; Public Service Company of Northern Illinois; Western United
Gas and Electric Company; Illinois Northern Utilities Company.
The officers of the Commission are as follows:
ALEX D. BAILEY, Chairman, Commonwealth Edison Company
W. G. KELLEY, Vice-Chairman, Commonwealth Edison Com-
pany
R. D. MAXSON, Vice-Chairman, Public Service Company of
Northern Illinois
K. W. MILLER, Director of Research, Commonwealth Edison
Company
HENRY P. RUGE, Secretary, Assistant Director of Research,
Commonwealth Edison Company.
The work has been known as Case No. 31 of the Utilities Research
Commission, and has been under the direct charge of a sub-committee
of that organization with the following personnel:
A. E. GRUNERT, Chairman, Commonwealth Edison Company
D. FORTY, Public Service Company of Northern Illinois
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E. MANDEL, Commonwealth Edison Company
A. E. McBRIDE, Illinois Northern Utilities Company
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II. POWER PLANT EXPERIENCE
5. Types of Turbine Blade Deposits.-An excellent description of
the types of turbine blade deposits is given by B. 0. Buckland. 1
"When salt deposits accumulate on the nozzles and buckets of a turbine, the
steam-flow areas are reduced, the nozzle and bucket surfaces are roughened, and
the distribution of energy in the turbine stages is disturbed by the presence of
the deposit. These conditions result in a reduction in turbine capacity and
efficiency.
"The extent to which one type of deposit may accumulate is illustrated in
Figs. 1 and 2. This type is water soluble, but another that is not may likewise
accumulate to such an extent as to decrease both the capacity and efficiency of
the turbine. A third type, also insoluble and illustrated in Fig. 3, has little effect
on the performance of the turbine because it has a hard smooth surface and
rarely forms in more than film thickness.
1 "Effect of Nozzle and Bucket Deposits on Turbine Capacity and Efficiency," General
Electric Review, February, 1942.
FIG. 1. DEPOSIT ON STEAM TURBINE NOZZLE PARTITIONS
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FIG. 2. DEPOSIT ON STEAM TURBINE BUCKETS
"Most of the information presented in this article is based on the writer's
observations made in a number of turbine plants while making acceptance tests
and turbine inspections during overhaul periods. The subject is here divided into
five topics, as follows:
(1) Prevalence of the deposits
(2) Appearance and location in the turbine
(3) Resultant reduction in efficiency and capacity
(4) Means of removing deposits
(5) Causes and prevention.
Prevalence of the Deposits
"A great deal of work has been done on the problem presented by deposits
and carryover, both by chemists and by boiler manufacturers. The chemists have
contributed by providing methods of boiler-water treatment to reduce carryover
and to minimize the deposits that may result from a given amount of carry-
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over.
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' 8', The boiler manufacturers have provided steam washers and improved
water separators within their boilers to reduce the amount of the carryover.5'
"The results of the research chemist's work in the hands of persistent and
careful plant operators can accomplish a great reduction in turbine deposits, as
is shown by the experience of a plant where initially the amount and rate of
accumulation of deposits were extremely aggravating. Figures 1 and 2 show nozzles
and buckets of the high-pressure turbine of a compound condensing unit in this
plant as they appeared when the turbine was opened for inspection in 1931. The
smooth patches show where the deposit was broken off for the purpose of meas-
uring its approximate thickness. Tests of the complete unit before the machine
was opened-and with the condition of the high-pressure turbine as shown in
Figs. 1 and 2-gave results 20 per cent low in capacity and 3 to 6 per cent high
in heat rate. The best that could be done at this time to relieve the situation
was to wash the turbine every four or five weeks. A brief outline of this plant's
experience with deposits is given near the end of this article. It is sufficient to
say at this point that in 1939 (8 years later) the writer again saw this turbine
opened for inspection, and at about the same time he saw the newer and higher
pressure (1200-lb. per sq. in.) turbine also opened. In the older turbine the
blading had only a film of deposit, almost thin enough to be transparent. The
newer turbine had only a slight amount of deposit in the high-pressure section.
The plant operators had been able to produce these results and discontinue their
washing practice by the application of the results of Straub's research.
"As the foregoing example indicates, progress in the control of deposits has
been made. It is not implied, however, that such satisfactory control has been
found to exist throughout the power-generation industry, at least not within the
limits of the writer's experiences in testing and inspecting turbines. A review of
the reports which the writer and his associates have made on turbine tests and
inspections since 1935 reveals the data itemized in the following:
"(1) Thirty turbines were tested and 21 inspected, and of these 18 were both
inspected and tested.
"(2) Twelve of the 21 turbines inspected showed blade deposits on inspection
and 9 were clean.
"(3) Two of the 9 turbines inspected and found clean on inspection were
found to accumulate deposits during the tests following the inspection. The ap-
pearance of the blading during inspection and other evidence in the case of these
two showed that the turbine had been washed in the process of shutting down
before the inspection.
"(4) Seven of the 21 turbines inspected showed evidence of accumulating
blade deposit during the period of the test, after they had been cleaned and
reassembled.
"(5) Twelve turbines were tested without being inspected. Three showed
evidence that blade deposit existed at the time of the test.
"For the purpose of the foregoing classification, a turbine was considered to
2 Straub, Frederick, "Cause and Prevention of Steam Turbine Blade Deposits," A. S. M. E.
Trans., Vol. 57, p. 447, Nov. 1935; also Univ. of Ill. Bul., No. 282.
sFaulk and Ulmer, "Solid Matter in Boiler Water," Ind. and Eng. Chem., Vol. 30, p. 158,
1938.
4 Faulk and Ulmer, "Foaming of Boiler Water," Ind. and Eng. Chem., Vol. 31, p. 722, 1939.
Baker, "Mechanical Purification of Steam within the Boiler Drum," A. S. M. E. Trans.,
Vol. 61, p. 711.
6Powell, "Steam Contamination: II," Combustion, p. 27, Oct. 1937.
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have deposit if four or more stages showed deposit of 10 mils thickness or
greater. The turbines considered dirty ranged from this minimum to a maximum
deposit similar to that shown in Figs. 1 and 2.
"From the figures given, it will be noted that half of the turbines on which
acceptance tests were made show evidence of deposit.
"A dirty condition presents difficulties not only for the user but also for the
builder. The guarantees are made with the understanding that the turbine will
be tested in a clean condition, and no accurate procedure is available for correct-
ing the results of a test for the effect of dirt. In turbines which are considerably
low in capacity and high in shell pressure, it is evident that the turbine is either
dirty or damaged and should either be washed or opened for cleaning and in-
spection before an acceptance test.
"In cases where the amount of the deposit is relatively small, such as to pro-
duce not more than 2 or 3 per cent increase in shell pressure, it is difficult to
establish whether there is any deposit. Very often the most satisfactory procedure
is to make the acceptance test after the turbine has been opened for its first
inspection. Even when this is done it is often found that the deposits accumulate
in the turbine so fast that test points run at the usual rate require too long a
time to allow a consistent performance curve to be obtained. No satisfactory
method of determining the performance exists in these cases. If the test must be
made before the deposit problem is solved, the only approach to the situation
seems to be to wash the turbine and to run test points as rapidly as possible im-
mediately after washing.
Appearance and Location in the Turbine
"Most blade deposits can be classified, according to their general appearance,
into three kinds:
"(1) Friable and somewhat soft deposit
"(2) Sparkling silvery deposit
"(3) Smooth hard film.
"The first of these ranges in color from pinkish white to a tan and is some-
times deliquescent. It is soft enough to be easily crushed and flaked off the blades
in chunks. It occurs usually in greater quantities than the other two and can be
readily removed by a jet of air and water. Usually, it occurs in the turbine from
and including the first stage to the dew point in the turbine. This type of deposit
is illustrated in Figs. 1 and 2.
"The second kind is silvery gray and sparkles in the light like new snow.
It is hard and granular and clings tenaciously to the blading. Soaking in water or
subjecting it to jets of air and water have little or no effect. It occurs from the
third or fourth stage of a 900 deg. F. turbine to a point in the turbine at which
the temperature is 400 to 500 deg. F. The proportion of this deposit which is
formed on the surfaces other than the nozzles and buckets, such as wheel sides,
diaphragm sides, etc., is greater than in the case of the other two kinds of
deposit. Often sufficient deposit occurs on the diaphragm sides to give them the
same sparkling appearance as the blading.
"The third kind of deposit is a hard, relatively smooth, red or dark brown
film streaked with white. It is very thin, though usually thick enough to be
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FIG. 3. THIN HARD FILM DEPOSIT ON NOZZLE PARTITIONS
opaque. Very distinct traces of flow lines in the boundary layers of the nozzle
and bucket passage are left in this deposit. These are illustrated in Fig. 3.
"Both the first and second kinds of deposit are found to some extent in the
wakes where the steam spills over the leading edges of the nozzles and buckets
and infrequently on the concave surfaces, but they seem to prefer to occur in
far greater thickness at the points of low pressure in the turbine passages. The
thickness on the convex surfaces-that is, on the inside of the fluid turn-is far
greater than at other points in the passages. This cannot be dua to jet separation
on the convex surfaces, as suggested by Soderberg,' because the deposit occurs
in regions where the pressure is dropping in the direction of flow and also because
such jet separation as would have to occur to explain the deposit would be
entirely too large and general in extent to be reasonable. At the points where jet
separation would be expected to occur (in regions of recompression), the deposit
is usually thinner than at points of rapid expansion or it is absent altogether.
"The accumulation of deposit in a turbine has three effects which are meas-
urable when the turbine is assembled and in operation:
"(1) Increase in shell pressure
"(2) Reduction in efficiency
"(3) Reduction in capacity."
Mr. Buckland described the silica type deposits in more detail in
7 Soderberg, "Scaling of Turbine Blading," Power, Vol. 80, p. 596, Nov. 1936.
ILLINOIS ENGINEERING EXPERIMENT STATION
the "Round Table Discussion on the Solvent Action of Water Vapor
at High Temperature and Pressure."8
"I have seen tiny crystals of what looked like quartz lodged on the nozzle
and bucket surfaces of a turbine and have often wondered how the silica could
be deposited in that form from the steam. Perhaps it would be useful to describe
these silica deposits, their appearance and physical characteristics, and their
location in the turbine.
"Silica deposits are found in two forms: the sparkling silvery gray crystals,
and the film or glassy form. Generally, the crystals are found in that part of the
turbine steam path which lies between 600 and 300 deg. F., and the hard-film
type in the region between 300 deg. F. and the exhaust. The boundaries are not
definite, for scattered crystals have been seen as high as 750 to 800 deg. F., and
the crystal layers as low as 250 deg. F. However, I have never seen the crystals
below the dew point in the turbine. The crystal type occurs in quantities ranging
from only a few scattered crystals per blade to layers completely covering the
surface and sometimes to layers 132 in. thick or more. Thicker deposits than
%2 in. are found, of course, but these heavy layers usually contain considerable
amounts of other substances, principally sodium oxide. The scattered crystals
can readily be detected by the sparkle which results when a flashlight is shone
tangent to the blade surface. I should estimate that they are about 0.01 in. across.
"The film type, which is found from 300 deg. F. down through the wet region
and all the way to the last stage of a condensing turbine, does not seem to be
accompanied by any appreciable amount of sodium oxide, but the amount of
iron oxide present increases rapidly as the exhaust is approached. The iron oxide
content is probably responsible for the rusty hue which this deposit takes on in
the latter stages. Rather surprising amounts of organic matter are also found in
this type. C. Dantsizen has suggested that the organic content could be oily
substances distilled over with the steam from the boiler and condensate system.
"A characteristic of all deposit seems to be its persistence in clinging thickest
at the insides of the fluid turns, that is, on the convex surfaces of the blades and
at other points of rapidly falling pressure. Often the concave surfaces are entirely
clean while 1 6 in. or more of deposit will exist in the convex surface of the
nozzle throat. Where the gray crystal of silica occurs by itself, however, this
characteristic is less marked. The sparkling layers also have, another difference in
the manner of their occurrence, namely, they are found on the shell walls, the
outside of the shroud bands, and on other surfaces not in the direct steam path.
The thick layers which contain more soluble matter, however, occur only in the
main steam path.
"The glassy deposits with high iron oxide content also seem to occur in more
uniform layers or films than the deposit with soluble material. They occur pre-
dominantly, however, on the convex surfaces of the blades. I would rather sup-
pose the deposit occurs on the convex surfaces due to the fall in the steam pres-
sure than that it is due to a fall in temperature or to the thicker boundary
layers existing on these surfaces, for two reasons: first, the fall of temperature in
the blade surface is probably small; and second, ridges of deposit are found in
thin boundary regions on partition noses at points of rapid pressure drop where
the steam divides in flowing around the partitions.
8 Proceedings of the American Society for Testing Materials, Vol. 42, p. 991, 1942.
BUL. 364. STEAM TURBINE BLADE DEPOSITS
"Although I have observed silica of the film type in turbines of relatively
low initial pressure, I have never seen the gray crystalline type in other than
high-pressure turbines, and the number of silica deposits has increased greatly
with the increased use of steam conditions of the order of 1200 lb. per sq. in. and
900 deg. F. This fact then might be considered another characteristic of silica,
namely, that it occurs frequently with high-pressure and high-temperature steam.
"The washing of turbines with condensate removes little if any of the silica
deposit. Turbines with silica deposit have been washed with sodium hydroxide
and this procedure will probably be developed into a usable technique. How-
ever, the losses in capacity and efficiency due to deposit are costly and aggra-
vating and means for preventing the deposit would be much more desirable than
means of cleaning. Perhaps until more convenient preventive measures are de-
veloped, steps should be taken to reduce by a substantial amount the quantity of
silica in the boiler."
Tray and Imhoff9 in the same discussion make the following com-
ments:
"The occurrence of chemical deposits on turbine blading is one of the major
problems encountered in the generation of power from steam. More particularly,
this problem manifests itself in superimposed turbines and high back-pressure
turbines both in central stations and industrial plants. The effect on turbine effi-
ciency and over-all economy is more pronounced with these units than with
straight condensing turbines. Operation on the distilled water cycle of a central
station, as contrasted with the high make-up requirements of industrial plants
supplying process steam, does not appear to reduce the tendency for these
deposits to accumulate.
"The boiler manufacturers have approached the problem of producing clean
steam from the standpoint of reducing the amount of solids carried over in the
steam. Considerable progress has been made in this direction through the medium
of steam washers, baffles, screens and other mechanical devices. Steam with a
solids content of the order of 1 p.p.m. or less is readily obtained in commercial
operation. That this has not eliminated turbine blade deposits is an indication
that the nature of the solids in the steam, rather than the amount present, is the
important consideration. A study of various deposits actually encountered in
superheaters and turbines leads to the conclusion that mechanical carry-over,
except in certain instances, cannot be the sole explanation.
Occurrence of Deposits
"Chemical deposits occur in superheaters and in turbines throughout the
entire range of superheated steam temperature. They are not found below the
dew point in the turbine. They may be classified as soluble or insoluble deposits
depending on whether they may be washed off the turbine blades with saturated
steam. The chemical composition of the deposits varies according to the temper-
ature zone in which they are laid down. The prevalence of one compound over
another in blade deposits has been considered by some to indicate preferential
carry-over from the boiler. Actually this may result from the concentration of
certain boiler water salts in foam bubbles due to the effect of surface tension.
* Proceedings of the American Society for Testing Materials, Vol. 42, p. 1008, 1942.
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"In the study of turbine blade deposits, the authors have obtained con-
siderable data from X-ray diffraction studies of a large number of samples. It is
noteworthy that in practically all cases these deposits are crystalline and have a
definite crystal structure. From this evidence, which includes a study of crystal
size, there can be no question but that the deposits were formed by precipitating
from solution at the point where they were found on the turbine blades. The
inference follows naturally that the salts were originally dissolved in the steam
and came out of solution when the steam became supersaturated with respect
to a particular salt. The following shows the temperature range in which various
salts have deposited in superheaters and turbines. It is suggested that these follow
the order of solubility of the salts in superheated steam.
TEMPERATURE RANGE IN WHICH VARIOUS SALTS HAVE DEPOSITED
IN SUPERHEATERS AND TURBINES
Sodium sulfate (Na2SO 4) ............... .900 to 700 deg. F.
Sodium chloride (NaC1)................. 700 to 600 deg. F.
Sodium hydroxide (NaOH) ............. .600 to 550 deg. F.
Sodium carbonate (Na2CO3) ............. 600 to 550 deg. F.
Sodium silicate (Na20 .Si0 2)............. 600 to 550 deg. F.
Silicate (quartz) (SiO ) ................ ..550 to 450 deg. F."
A bibliography of turbine blade deposits appears in Appendix A.
III. CAUSES OF STEAM CONTAMINATION
6. Mechanical Entrainment of Boiler Water.-When boiler water
is mechanically entrained in the steam, material in the boiler water is
present in the steam in proportion to the concentration in the boiler
water and the percentage entrainment of boiler water in the steam.
If the material is dissolved in the boiler water, it is easy to calculate
the amount of material in the steam on the basis of the amount of
boiler water present in the steam. However, when suspended matter is
present in the boiler, it becomes almost impossible to determine the
amount which will be present in the steam.
When the boiler water is mechanically entrained in the steam, it is
possible to reduce this material to a very small value by means of
mechanical steam purifiers. In many plants, the total dissolved solids
in the steam have been reduced to values as low as 0.5 p.p.m., even
with boiler waters having total dissolved solids of about 2000 p.p.m.
Such values would indicate that the amount of boiler water being
carried into the steam is less than 0.03 per cent.
There has been a tendency to refer to all contamination of steam
by soluble salts as the result of mechanical entrainment of boiler
water, and the largest amount of effort expended in reducing the
solids in steam has been along the line of mechanical removal of boiler
water from the steam.
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7. Solubility of Salts in Steam.-At lower pressures, steam has not
been found to have the property of dissolving the salts found ordinarily
in boiler water. However, since steam does not behave as a perfect
gas, it is possible that at higher pressures it might have the ability to
dissolve the salts which occur in the boiler water. If this is true, the
salt present in solution in the steam would depend on the total pressure
and the concentration of the salt in the water in contact with the
steam. Under this condition, the use of mechanical purifiers, which
merely separate the boiler water from the steam, would have no effect
in removing the salt actually dissolved in the steam.
8. Vaporization of Salts in Steam.-At higher steam pressures, it
is possible that materials present in the boiler water might have a
vapor pressure of a magnitude sufficient to have appreciable amounts
of the material present in the steam as a vapor. Under such a condition,
the material would vaporize and leave the boiler along with the steam.
Mechanical purification would not separate the vaporized material
from the steam. The factors influencing the vaporization would be the
vapor pressure of the material involved, its concentration in the
boiler water, and the temperature of the boiler water.
IV. THEORIES OF CAUSES OF BLADE DEPOSITS
9. Molten Salt Theory.-This theory is based on the fact that the
salt particles remaining after the boiler water droplets present in the
steam have been evaporated in the superheater, have a definite melt-
ing point. If this melting point is above the temperature of the super-
heated steam, the salt remains as a solid and as such passes through
the turbine without adhering to the blades. However, if the melting
point is below the temperature of the superheated steam, the salt is
present in the superheated steam as a molten droplet. As the steam
passes through the turbine and the melting point is reached, the salt
freezes out on the blades.
If the salts are present in a combination which will raise the melt-
ing point of the mixture above that of the superheated steam, no
fusion will occur and consequently no deposit will form. Sodium
hydroxide will melt around 605 deg. F.; if present in steam super-
heated above this temperature it should deposit in the turbine as the
temperature drops below 605 deg. F. If the hydroxide is mixed with
other salts, such as sodium chloride and sodium sulfate, the melting
point will increase, and if a sufficient amount of these salts is present,
the mixture will not melt and no deposit will form.
ILLINOIS ENGINEERING EXPERIMENT STATION
10. Sticky Caustic Theory.-This theory also assumes that the
salts are mechanically carried into the steam with the boiler water.
Certain salts such as sodium chloride and sodium sulfate become dry
as the water present is evaporated in the superheater. Sodium hy-
droxide passes through the superheater as small droplets which are
pasty or sticky, adhering to the turbine blades. If a sufficient amount
of the dry salts is present, it prevents the pasty material from sticking
to the blades. Thus under certain conditions, if the sulfate content of
the boiler water is high in respect to the sodium hydroxide content,
deposits do not form. This theory appears to explain the soluble turbine
deposits better than the molten salts theory. In laboratory tests re-
ported in Bulletin No. 282, page 19, sodium hydroxide deposits were
formed in superheated steam at temperatures as low as 400 deg. F.,
which is 205 degrees below the melting point of sodium hydroxide.
The sticky caustic theory does not explain the presence of de-
posits of almost pure silica on turbine blades.
11. Carbon Dioxide Theory.-Deposits of almost pure crystalline
silica on the turbine blades, when occurring in the boiler as sodium
silicate, are explained by this theory on the basis that the carbon di-
oxide in the steam lowers the pH value to a point where the sodium
silicate is converted to silicic acid, resulting in the formation of crystal-
line silica. This theory assumes that the carbon dioxide reacts with the
alkaline sodium silicate which is carried mechanically into the steam
from the boiler water.
12. Solubility Theory.-This theory assumes that the steam actu-
ally dissolves the salts and carries them in solution to the turbine. As
the pressures and temperatures in the turbine decrease, a point is
reached where the steam becomes supersaturated in respect to the
salts and they crystallize out on the blades. Since different salts might
have different solubilities, they would separate in different stages of
the turbine.
From operating data from boilers with pressures as high as 1450
lb. per. sq. in., it has been observed that the water-soluble salts
present in the steam seldom amount to more than 0.5 p.p.m., even
when the total dissolved solids in the boiler water reach 3000 p.p.m.
This would indicate that sodium sulfate, chloride, and hydroxide have
low solubility in saturated steam at this pressure.
13. Vaporization Theory.-This theory assumes that some of the
salts present in boiler water might have appreciable vapor pressures at
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the temperature of the higher pressure boilers. These salts would distill
off with the steam and thus leave the boiler as a vapor. Due to the
fact that the salts in the boiler are in very dilute solution, the partial
pressure of the salt vapor in the steam would be very low when com-
pared to the partial pressure in steam over the solid salt. Consequently,
the salt would remain in the steam as a vapor until the temperature
and pressure are reduced to a point where the partial pressure of the
vaporized salt becomes greater than that corresponding to steam
over the solid salt, when it starts to crystallize out on the turbine
blades.
V. STUDY OF SOLUBILITY OF SALTS IN STEAM
14. Introduction.-Data from power plant operation indicate that
the solubility of boiler water salts in saturated steam is very low at
pressures up to 1450 lb. per sq. in. At the time this investigation was
started, very few data were available at pressures above 1450 lb. per
sq. in. Consequently this research was conducted in order to determine
what might be encountered if steam pressures were increased materi-
ally above 1450 lb. per sq. in.
A small laboratory boiler, capable of generating steam at pressures
up to 3200 lb. per sq. in., was used, in which the boiler water concen-
tration could be controlled and the amount of salt dissolved in the
steam could be determined by analyzing the steam.
15. Solubility in Saturated Steam.-In order to determine the solu-
bility of the various salts occurring in boiler water in saturated steam,
it was essential that the steam leave the test equipment with a
minimum of mechanical entrainment. Since no means were available
for measuring directly the concentration of the various salts in the
small amounts (well below 1 p.p.m.), the conductivity of the con-
densed steam was considered to be the best method of determining the
concentration of the solids. This procedure in turn made it necessary
to determine the solubility of each salt separately, and to furnish the
boiler with a pure, gas-free feed water which would not influence the
conductivity of the steam. Thus the first problem was to obtain a
source of pure, gas-free feed water.
Boiler Feed Water
In order to obtain a very pure, gas-free feed water, condensed steam
from the University heating mains was distilled. The method used
to obtain a gas-free, pure distillate is described in Appendix B,
Section 1.
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FIG. 4. FIRST LABORATORY BOILER USED IN SOLUBILITY STUDIES
Laboratory Boiler
The laboratory boiler first used in the tests to determine the
solubility of the various salts in steam is shown in Fig. 4. The boiler
was 42 in. high and 6 in. in inside diameter. It was heated by means
of seven electrical heating cartridges (1.2 kw. each) inserted from the
bottom into steel tubes welded into the bottom plate of the boiler. In
the early tests the water level was controlled by visual observation
through sight glass, by inserting regular high-pressure, flat water level
glasses on each side of the boiler at the water level. This method of
level control was changed after a few tests, since it was found that the
gasket materials contaminated the steam at the high pressures. In
order to regulate the water level, the glasses were replaced with steel
plates. One plate was fixed as shown in Fig. 5. Four steel tubes (% in.
O.D. x % in. I.D., 8 in. long) were welded into the steel plate on 2-in.
centers with the top tube at the highest water level desired. This left
the lower tube well above the lowest level advisable for safe operation.
Small tubes connected to small needle valves were welded into the
other end of each tube. Constantan wires were peened into the outside
of the tubes about 2 in. away from the steel plate. An iron thermo-
couple wire was peened into the steel plate. When the boiler was
operating, the tubes were left bare of heat insulating material for
8oiler
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about the first 3 in. of their length from the steel plate, while the rest
of their length was insulated to save excessive heat loss.
When the boiler was under steam pressure, the temperature of the
outside of the steel tube filled with steam was about 8 to 10 deg. F.
below the steam temperature in the boiler, while the temperature of
the tube filled with water was about 40 deg. F. below the steam
temperature. When the temperature of the steam in the boiler and the
tube temperatures were recorded on a multiple-point temperature
regulator, the temperature difference between the steam and the tube
temperature indicated whether the tube was filled with steam or
FIG. 5. WATER LEVEL REGULATION EQUIPMENT
water. In order to control the level in the boiler the thermocouple
from the tube at the desired level was connected to a potentiometer-
type temperature controller. The temperature of the controller was
set midway between the temperature of a tube filled with steam and
one filled with water. The control was adjusted so that when the level
control tube was filled with steam, a relay would close and start the
motor operating the pump. When the tube was filled with water, the
temperature dropped and the controller opened the relay and shut off
the power to the pump motor. This method of level control, which
proved to be very accurate and reliable, has been used on all high
pressure tests in the laboratory work. In order to check the operation
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of the levels, the needle valves were opened at regular intervals, pre-
venting the accumulation of gases in the tubes. The recorded tempera-
tures served as a check on the level regulator.
The steam was removed at the top of the boiler, which was about
25 in. above the water level. The steam flow through the upper part of
the boiler varied with the steam pressure since the rate of steam
generation was kept constant (10 lb. per hr.). The vertical velocity
of steam flow was between 0.075 in. per sec. at 1000 lb. per sq. in. and
0.019 in. per sec. at 2700 lb. per sq. in., such a low rate as to preclude
the possibility of mechanical entrainment of boiler water in the steam
leaving the boiler.
The steam leaving the boiler was passed through a stainless steel
tube (14 in. O.D. x 20 gage) and was condensed in a double-tube con-
denser. The inside tube of the condenser was a stainless steel tube of
the same size. The rate of steam flow was controlled by operating a
needle valve on the condensed steam after the condenser, which gave a
very accurate control. The condensed steam was then passed through
a stainless steel gas-fired degasser to remove any gasses. The water
from the degasser storage was passed through a stainless steel cooling
coil, and then through a conductivity cell (glass) and a glass electrode
pH cell, before it was exposed to the atmosphere.
Laboratory Tests
The procedure followed in these tests was to fill the boiler to the
desired level with pure distilled water and to operate the boiler at
the desired pressure, using pure distilled water for feed water. The
boiler was operated until the condensed steam had a constant specific
conductance and pH value. These values ran between 0.21 and 0.26
micromhos specific conductance and 6.9 to 7.4 pH value at 77 deg. F.
at all pressures, indicating that the boiler was generating a very pure
steam. The chemicals to be tested were then pumped into the boiler in
the desired amounts and the boiler operated until constant conduct-
ance and pH values were obtained.
Three materials were tested-sodium hydroxide, sodium sulfate,
and potassium hydroxide. Tables 1 to 3 give the results obtained from
these tests, which indicate that at pressures up to 1545 lb. per sq. in.
the steam will be practically free from dissolved salts. At pressures
above 2211 lb. per sq. in., it would be difficult to obtain steam free from
dissolved salts. The data collected in these tests are merely indicative
of the trend of the relationship between the salt in the boiler water
and the salt in the steam. It is not possible to state whether the salt
was present because of its solubility in the high pressure steam, or
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TABLE 1
SODIUM HYDROXIDE IN STEAM IN FIRST TEST BOILER
Concentration
NaOH in
Boiler Water
p.p.m.
Steam
Absolute
Pressure
lb. per sq. in.
Temperature
Saturated
Steam
deg. F.
360
500
600
650
650
650
660
660
660
660
660
660
660
660
660
660
660
660
660
670
680
680
680
680
680
680
680
680
680
680
1 1 micromho= 0.137 p.p.m. NaOH.
TABLE 2
SODIUM SULFATE IN STEAM IN FIRST TEST BOILER
Steam
Tempera- Absolute Concentration Specific Correctedture Absolute Na2SO4 in Conduct- Specific
Saturated Pressure Boiler Water Coon c Calculated
Steam lb. per sq. in. PH ane C. uct Na2SO4
deg. F.25 eg. C. ance P-P.m. 1
micrombos
600 1545 980 7.0 0.24 0.0 0.00
600 1545 2400 6.9 0.23 0.0 0.00
650 2211 0 6.9 0.26 0.0 0.00
650 2211 1570 7.1 0.35 0.1 0.06
650 2211 1590 7.6 0.26 0.0 0.00
660 2368 920 7.5 0.36 0.1 0.06
660 2368 1570 7.1 0.38 0.1 0.06
670 2534 1610 ... 0.60 0.3 0.18
670 2334 1970 7.4 0.65 0.4 0.24
680 2710 920 7.6 0.85 0.6 0.36
680 2710 1100 7.2 1.05 0.8 0.48
680 2710 1190 7.2 0.90 0.7 0.42
680 2710 1730 7.5 0.95 0.7 0.42
680 2710 2400 7.3 1.20 1.0 0.60
1 1 micromho=0.6 p.p.m. Na2SO4.
Specific Corrected
Conduct- Specific
ance Conduct-
25 deg. C. ance
micromhos
0.24 0.0
0.25 0.0
0.29 0.0
0.26 0.0
0.47 0.2
0.44 0.2
0.22 0.0
0.21 0.0
0.25 0.0
0.28 0.0
0.28 0.0
0.35 0.1
0.36 0.1
0.60 0.3
0.62 0.3
0.55 0.3
0.95 0.7
0.60 0.3
1.05 0.8
1.40 1.1
0.22 0.0
0.24 0.0
0.23 0.0
0.35 0.1
0.50 0.3
0.70 0.5
0.45 0.2
1.20 0.9
3.00 2.7
2.30 2.0
Calculated
NaOH
p.p.m. 1
0.00
0.00
0.00
0.00
0.03
0.03
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.04
0.04
0.04
0.10
0.04
0.12
0.15
0.00
0.00
0.00
0.01
0.04
0.07
0.03
0.12
0.37
0.28
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TABLE 3
POTASSIUM HYDROXIDE IN STEAM IN FIRST TEST BOILER
Steam
Tempera- Concentra- Specific Corrected
ture Absolute tion KOHin Specific Corrected
Saturated Pressure BoilerWater Conduct- Specific Calculated
Steam lb. per sq. in. pH ance Conduct- KOH
deg. F. p.p.m. 25 deg. C. ance p.pm.'
micromhos
500 681 70 7.95 0.25 0.0 0.00
600 1545 70 7.95 0.25 0.0 0.00
600 1545 90 7.90 0.30 0.0 0.00
600 1545 250 7.85 0.25 0.0 0.00
650 2211 90 7.85 0.27 0.0 0.00
650 2211 480 8.2 0.36 0.1 0.02
670 2534 372 8.4 0.55 0.3 0.06
680 2710 150 8.15 0.40 0.2 0.04
680 2710 250 8.25 0.60 0.4 0.08
I 1 micromho=0.20 p.p.m. KOH.
because of the vapor pressure of the dissolved salt in the boiler water.
In view of the similarity of the results on NaOH, KOH, and Na 2SO 4 ,
it appears that solubility, not vapor pressure, is the cause, since the
vapor pressure of Na 2S04 would undoubtedly be much lower than
that of either NaOH or KOH.
The test equipment was redesigned so that tests could be con-
ducted at higher pressures and high steam release rates, and so the
steam release area could be observed. Figure 6 shows the general
design of the new high-pressure laboratory boiler. Here again the
heating was accomplished by means of seven 1.2-kw. heating cart-
ridges slid into steel tubes welded into the lower drum, which was 6 in.
I.D. x 10 in. long. The steam passed from the lower drum through a
pipe, about % in. I.D. where it entered the sight glass. The water
separated from the steam in the sight glass and passed down to the
storage drum, which was about 5% in. I.D. x 10 in. long and was
equipped with the water level indicators previously described (Fig. 5).
The steam passed out the top of the sight glass and then through a
steel tube to the 4-in. O.D. stainless steel tube condenser used on the
first boiler. The rate of steam flow above the point of separation from
the water was 2.7 in. per sec. at 1000 lb. per sq. in. and 0.7 in. per sec.
at 2700 lb. per sq. in. The steam flow was controlled by means of a
small needle valve on the condensed steam after the condenser. A
rotameter was inserted between this valve and the degasser to give a
constant measure of steam flow. After passing through the degasser
the condensate went through a cooling coil and the conductivity cell,
but not through the glass electrode, as in the previous tests.
BUL. 364. STEAM TURBINE BLADE DEPOSITS
?er
water Leve/
Regulati'on
equipmenf
Coil
Boi/er
' ,
0
ump
*19ell (1/
FIG. 6. SECOND LABORATORY BOILER USED IN SOLUBILITY STUDIES
The boiler was operated similarly to the procedure followed in the
previous tests, being filled to the desired level with distilled water
and operated at the required rate of steam flow; distilled water was
used for feed water. When a constant specific conductance of steam
was reached, the desired chemicals were added.
With distilled water and a steam pressure of 2368 lb. per sq. in.,
the specific conductance of the steam sample reached a low value of
about 0.42 micromhos (77 deg. F.), which was a little higher than the
conductance of the steam on the older boiler (0.25 micromhos). This
difference appeared to be logical, since ahead of the stainless steel
condenser the steam passed through steel piping which was not present
in the earlier boiler. At the same time, there was a possibility of con-
tamination from the gasket material in the sight glass. When NaCl
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was added in amounts between 3720 and 7100 p.p.m., and the steam
pressure held at 2368 lb. per sq. in., the specific conductance of the
condensed steam remained 0.42 micromhos. This indicated that there
was no sodium chloride in the steam.
This result was not in agreement with the data collected on the
first boiler. The steam velocity at the point of steam release was about
40 times faster than in the first boiler. The height of the steam take-
off above the water level was not more than 6 in., as compared to 25
in. in the first boiler. However, the water level was comparatively
quiet at this pressure, and there was no indication of mechanical
carry into the steam. There was a visible marked amount of con-
densed steam dropping through the steam, which indicated that the
steam was condensing in the pipe above the sight glass and might be
scrubbing the steam. If this were the case, the equilibrium would be
between the dilute condensate and the steam and not between the
concentrated boiler water and the steam.
In order to reduce this scrubbing effect of any condensed steam,
the construction of the steam release and the point of steam sampling
from the boiler were changed, as shown in Fig. 7. The steam gage was
FIG. 7. MODIFIED PORTION OF SECOND LABORATORY BOILER
transferred to the back of the unit so the condensed steam would
return to the drum and not scrub the steam sample. The sight glass
was replaced by a steel tube of similar size and the steam line to the
valve was downward instead of upward. A small amount of heat was
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FIa. 8. RESULTS OF TESTS USING BOILER SHOWN IN FIG. 7
added in the steam release and sampling area in order to counter-
balance the radiation loss. Tests run using this equipment gave the
results shown in Fig. 8. The steam from the boiler, when fed with
distilled water, had a specific conductance of between 0.35 and 0.40
micromhos, indicating a very good quality.
These results were rather inconsistent in that at 2368 lb. per sq. in.
the amount of sodium chloride in the steam appeared to be propor-
tional to the concentration of the salt in the boiler water. This would
be expected if the salt were dissolved in the steam. However, at 1045
and 1545 lb. per sq. in., the concentration of the salt in the steam is
proportional to that in the boiler water up to around 1000 p.p.m.
NaCI in the boiler water. Above this concentration the sodium
chloride in the steam appears to be a constant amount for each pres-
sure. In tests run without the electrical heat on the top, so as to allow
condensation to take place, the salt in the steam dropped to almost
zero even at 2368 lb. per sq. in.
These tests were continued in order to determine the effect of
sodium hydroxide, with results as shown in Fig. 9. In the tests using
the apparatus shown in Fig. 7 the amounts of sodium hydroxide in the
steam were much higher than those obtained using the test boiler in
Fig. 4. This may be explained on the basis that the steam condensing
in the upper part of the earlier boiler partially "washed" the dissolved
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FIG. 9. RESULTS OF TESTS USING BOILER SHOWN IN FIG. 7
solids out of the steam. If this were true, a fractionating column
should prove very effective in removing the solids from the steam. In
order to determine the effectiveness of such an arrangement, a frac-
tionating column was connected to the test boiler as shown in Fig. 10.
The results of the tests with sodium chloride in the boiler water and
with one-bubble cap plate, as compared to no fractionating, are shown
in Fig. 11. Figure 12 shows the effect of one and four-bubble cap plates
when sodium hydroxide was present in the boiler water. These results
indicate that fractionating tower principles, when applied to the
removal of dissolved solids from steam, should prove very effective in
purifying steam at higher pressures. In these tests, condensed steam
was used as a scrubbing agent. In power plant operation, any pure
water such as evaporator drips or turbine condensate could be used.
The results of the tests on the solubility of the sodium chloride
were not consistent with values obtained from actual plant operation.
The laboratory tests gave values higher than those found in plant
tests. In the test apparatus, the arrangements made to prevent con-
densation before sampling the steam might even cause some super-
heating, which would give erroneous results. The test boiler was
therefore redesigned so as to prevent any condensation or super-
heating at any desired pressure; the changes made are shown in
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FIG. 10. FRACTIONATING COLUMN appear to be very consistent. At
USED ON LABORATORY BOILER pressures up to 1545 lb. per sq.
in. both sodium chloride and so-
dium hydroxide apparently are
practically insoluble in steam. At higher pressures both salts become
soluble in the steam in increasing amounts as the pressure increases.
The amount of the salt in the steam is proportional to the concentra-
tion of the salt in the boiler water. The amount in the steam is less
than that found in the tests using the boiler shown in Fig. 7, which
may be explained on the assumption that the steam might have been
superheated in these tests. If the steam became superheated it is pos-
sible that the boiler water might have deposited solid salt in the middle
Fig. 13. Mixed steam and boiler
water pass up through the pipe
A and are separated in the tube
B. The water flows out of the
bottom of this tube, returning to
the storage drum where it serves
as a seal. The steam can pass
through the top of tube B into
the outer chamber. Any conden-
sation in the outer chamber will
scrub the steam in the outer
chamber and return to the stor-
age drum. As long as the pres-
sure remains constant, a small
amount of steam is condensing
in this outer chamber. The steam
sample is removed from the in-
ner chamber B where no conden-
sation or superheating can take
place. Thus the steam sample
removed from the boiler is a
sample of the steam in equilib-
rium with the boiler water and
is free from any scrubbing ac-
tion.
The results of tests conducted
with the redesigned boiler con-
rt iuctinnn a. ahnwn in Fig 14.
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FIG. 11. RESULTS OF TESTS USING FRACTIONATING COLUMN WITH
SODIUM CHLORIDE IN BOILER WATER
part of the steel tube which replaced the sight glass,, which would then
bring about an approach to the equilibrium between steam and solid
salt and not that between steam and boiler water.
16. Solubility in Superheated Steam.-The tests conducted on
saturated steam indicated that at pressures of 1545 lb. per sq. in. and
NaOH / // Bo//er Wafer 1 o.p.m.
FIG. 12. RESULTS OF TESTS USING FRACTIONATING COLUMN WITH
SODIUM HYDROXIDE IN BOILER WATER
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FIG. 13 (RIGHT). CHANGES MADE
IN BOILER TO PRODUCE DRY
STEAM IN THE ABSENCE OF
WATER WASHING
lower the steam would not dissolve any appreciable amounts of boiler
water salts. Thus, if a boiler water is mechanically carried into the
superheater, the water is evaporated, leaving a highly concentrated
solution of the boiler water of a dry salt in contact with the super-
heated steam. Under this condition, the equilibrium is between a salt
A
- vaC/)
(HaOH)
a6ZS r (H0)
650"F ___
r (Ma'C/)
ml
0f 0°Nal)
FIG. 14. RESULTS OF TESTS RUN AFTER CHANGES SHOWN IN FIG. 13
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FIG. 15 (LEFT).
BOMB USED FOR TESTS
ON SOLUBILITY IN
SUPERHEATED STEAM
and the steam and not a dilute solution of the salt, as was the case
in the saturated steam equilibrium.
Laboratory tests were conducted to determine the solubility of
the boiler water salts in superheated steam. The procedure followed
was to start with pure saturated steam from the boiler (Fig. 13),
using distilled water in the boiler and distilled water feed water to the
boiler. The saturated steam was passed through the bomb shown in
Fig. 15, which was fitted with perforated plates with copper spirals
between them in order to give a large contact surface. Heat was pro-
vided by means of an electrical resistance furnace placed around the
lower portion of the bomb, and the entire top of the bomb was
covered with heat insulation material. The temperature of the bomb
was determined by means of an iron, constantan thermocouple inserted
in a well in the top. The steam condenser was placed about 3 ft. from
the outlet of the bomb, and the entire line was covered with heat in-
sulation material up to the condenser. Steam flow was controlled by
means of a small needle valve after the condenser.
The condensate was passed through a rotameter, a gas-fired de-
gassing condenser, cooled and then passed through the conductivity
cell before exposure to the air. When the steam was superheated and
passed through the bomb with no salt in the bomb, the specific
conductance of the steam was about 0.40 micromhos at pressures from
681 to 2211 lb. per sq. in. and total superheat temperatures up to 800
deg. F. A concentrated solution of sodium chloride was slowly pumped
into the bomb while under pressure and superheated, which deposited
the salt on the plates and spirals in the bomb. The concentration of
the salt in the steam leaving the bomb was determined by titration
with silver nitrate and by conductivity. The rate of steam flow was
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FIG. 16. RESULTS OF TESTS ON SOLUBILITY OF SODIUM CHLORIDE IN
SUPERHEATED STEAM FROM 681 TO 1545 LB. PER SQ. IN.
varied between 5 and 10 lb. per hr., the sodium chloride in the steam
remaining constant, which indicated that saturation would take place
at 10 lb. per hr. steam flow.
The remainder of the tests were made at a rate of 5 lb. per hr.
in order to insure saturation. Figures 16 and 17 show the results
obtained when sodium chloride was the solid salt in the bomb. The
concentration of the sodium chloride in the steam is plotted against
the final superheated steam temperature. The curves are for constant
pressure. The tests at 1545 lb. per sq. in. were run from slightly above
the saturation temperature to 820 deg. F. Since the temperature of 620
deg. F. leaving the bomb was so close to the saturation temperature
(600 deg. F.), any decrease below this temperature tended to form
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FIG. 17. RESULTS OF TESTS ON SOLUBILITY OF SODIUM CHLORIDE IN
SUPERHEATED STEAM FROM 1545 TO 2211 LB. PER SQ. IN.
saturated steam in the bomb, resulting in a solution of sodium
chloride which reduced the salt content of the steam. As the tempera-
ture increased above 620 deg. F. the salt in the steam decreased. This
decrease continued with increases in temperature until 770 deg. F. was
reached, and then the salt in the steam slowly increased with increase
in steam temperature. Similar curves were established at 681, 1045,
and 2211 lb. per sq. in.
The decrease in salt in the steam with increase in temperature
appears to be related to the density of the steam. Thus a steam at
2211 lb. per sq. in. and 800 deg. F. has a density of 3.7 lb. per cu. ft.,
while a steam at 1545 lb. per sq. in. and 620 deg. F. also has a density
of 3.7 lb. per cu. ft. The amount of sodium chloride in the steam is
the same at these two different temperatures and pressures. If the
salt is present in the steam due to vaporization of the sodium chloride,
the amount present should increase as the temperature is increased at
constant pressure; apparently as the steam approaches the critical
pressure, it starts to have the ability to dissolve salts.
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FiG. 18. TEST BOMB USED BY SPILLNER 17. Discussion of Laboratory
Results.--Shortly after the labo-
ratory tests were started a paper
was published by Dr. Ing. F. Spillner.10 This paper describes labora-
tory tests conducted at high pressures and temperatures to determine
the solubility of salts in saturated and superheated steam. The test
bomb used in Spillner's experiments, shown in Fig. 18, was operated
under two different conditions. First, the lower part of the bomb was
filled with alloy steel shavings impregnated with sodium chloride, and
superheated steam was passed through the bomb. The second method
of operation involved the placing of water in the lower portion and
generating saturated steam in the bomb. Sodium chloride solution was
pumped in with the feed water to obtain the desired boiler water concen-
trations. The steam leaving the bomb passed through silver screens and
silver wool purifiers, and down through a tube through the bottom of
the bomb to the condenser. Heat input was by means of the heater
winding near the middle of the bomb, a method which made it possible
for the steam to be slightly superheated as it passed through the puri-
fiers. Thus if the boiler water were mechanically carried into the
10 "Highly Condensed Steam as a Solvent," No. 22, Die Chemische Fabrik. 1940.
INo similar tests could be run
on sodium hydroxide since it
forms a concentrated solution
when in contact with super-
heated steam. This concentrated
solution reacts with the iron in
the bomb to form magnetic oxide
of iron and hydrogen. The hy-
drogen generation was so rapid
that no tests could be run.
Tests were conducted in
which sodium sulfate was added
to the bomb. The results of these
tests showed that the sodium
sulfate was practically insoluble
in superheated steam at 1545 lb.
per sq. in. and 750 deg. F. Under
these conditions the calculated
sodium sulfate present in the
superheated steam was not over
0.1 p.p.m.
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purifiers it could be superheated and the salt deposited in the purifier.
Under this condition the equilibrium would be between the solid salt
and the steam and not between the boiler water and the steam. This
condition of operation, which apparently was not recognized by the
investigator, may explain the results which were obtained. He reported
that (1) the salt was soluble in saturated and superheated steam in
almost the same amounts; (2) the solubility in the saturated steam
was independent of the concentration of the salt in the solution in the
bomb; (3) the solvent action of the steam existed down to 1140 lb. per
sq. in.; (4) the solubility of sodium sulfate in the steam was less than
one per cent of the solubility of sodium chloride.
The results of the present study cannot be directly correlated with
Spillner's data. However, indications are that in the superheated steam
tests there is fair agreement, considering the different conditions under
which the tests were conducted. The saturated steam tests do not
agree; however, when consideration is given to the possibility of Spill-
ner's saturated steam being superheated steam, the difference appears
logical.
In the first tests reported (Tables 1 to 3) the amount of scrubbing
of the steam by the condensate was small, but it in turn resulted in
low values for the solubility of the salts in the steam. In the results
shown in Figs. 8 and 9, there might have been a small amount of super-
heat with a small amount of solid salt present, but not enough time
or contact area to establish equilibrium, which would result in high
values for the solubility data. In the results shown in Fig. 14 there
was neither superheat nor condensation so the values should be repre-
sentative of solubility values in saturated steam. The results shown
in Figs. 16 and 17 were obtained when there was complete solubility
in the superheated steam.
These results of the first tests indicate that, at pressures up to 1545
lb. per sq. in., the solubility of the boiler water salts in the saturated
steam leaving a boiler drum would be negligible for all normal boiler
water concentrations. At higher pressures, particularly above 2600 lb.
per sq. in., the salts might become appreciably soluble in the steam.
Results of the first tests also indicate that when the boiler water is
mechanically carried into the superheater, appreciable amounts of the
salts might become soluble in the superheated steam at pressures as
low as 1045 lb. per sq. in. The entrained boiler water on entering the
superheater evaporates, and the salt is left in a solid state as it leaves
the superheater. The superheated steam then dissolves the salt and
carries it in solution to the turbine. If the carry-over is of a small
BUL. 364. STEAM TURBINE BLADE DEPOSITS
amount, the steam dissolves all the salt and no deposit forms in the
superheater. The resulting superheated steam is not saturated with the
salt. However, as the steam pressure and temperature decrease as the
steam passes through the turbine, the saturation point for the salt in
the steam is reached and the salt tends to crystallize in the turbine.
Each salt must be considered by itself, as well as when present with
other salts, in order to predict its behavior in the turbine. Thus sodium
hydroxide might have a solubility in superheated steam greater than
that of sodium chloride, since its solubility in steam over boiler waters
of similar concentrations is greater. However, sodium sulfate has a
very low solubility, being practically insoluble at 1545 lb. per sq. in.
When a boiler water containing these three materials leaves the super-
heater, the sodium chloride and hydroxide will be dissolved in the
steam, while the sodium sulfate will remain insoluble, either being de-
posited in the superheater or carried as a fine dust or powder in the
steam. When a point in the turbine is reached where the steam is super-
saturated in respect to the sodium hydroxide, it will separate from the
steam. Since sodium hydroxide cannot exist in the dry state in super-
heated steam, it will separate as a highly concentrated solution. When
the sodium chloride starts crystallizing, it may be attached to the drops
of highly concentrated caustic. The caustic particles,, being pasty in
nature, will stick to the turbine and cause deposits containing sodium
hydroxide and chloride. The sodium sulfate, in the form of a fine
powder, may serve as the nucleus for the caustic drop to form on.
If the sulfate content is high in respect to the caustic content, the pre-
ponderance of the fine powder may prevent the caustic from sticking
and thus no deposit forms.
18. Conclusions.-Based on the data obtained in this study of the
solubility of salts in high-pressure steam, the following conclusions
have been reached:
(1) Steam will dissolve salts present in boiler water; however, the
amount of this solubility with normal boiler water will not become
appreciable at pressures below 2400 lb. per sq. in.
(2) The steam will dissolve more salt when in contact with the
solid salts than when in contact with the dilute boiler water solutions.
Consequently, entrained boiler water carried into the superheater will
result in some salt being dissolved in the superheated steam in appreci-
able amounts at steam pressures as low as 1045 lb. per sq. in.
(3) Since the solubility of the salts in the steam is affected by both
pressure and temperature, superheated steam will dissolve salt at high
pressure and on cooling will deposit salt on the turbine blades.
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VI. STUDY OF VAPORIZATION OF SALTS IN STEAM
19. Introduction.-It has been rather difficult to give a logical ex-
planation of the manner in which the silica present in boiler water as
sodium silicate is transported through the superheater and the high-
pressure turbine and deposited in the low-pressure turbine as one of
the crystalline forms of silica. One theory advanced states that any
material in the steam tending to decrease the pH value will react with
the alkaline sodium silicate mechanically carried into the steam to
form silicic acid which will crystallize on the turbine blades. Any
reaction of this type involving a material like carbon dioxide would be
expected to take place in the saturated steam in preference to the super-
heated steam. Also, it must be realized that silica deposits are found
in central stations with very low evaporated makeup and very little
carbon dioxide in the steam. Splittgerber" has presented experimental
data which show that silica was vaporized from silicic acid in appre-
ciable amounts at 100 atm. steam pressure. These tests further showed
that the silica in the steam increased with increasing silica concentra-
tion in the test solution. As the pressure increased, the silica in the
steam increased. The addition of NaC1, Na2 SO4 , NaOH, and Na8 PO,
caused a decrease of silica concentration in the steam. The values
given by Splittgerber are rather incomplete and are not readily cor-
related with data available from boiler operation. However, his results
indicate that there is a possibility of the vaporization theory being
applied to the silica deposits found in steam turbines.
If this work of Splittgerber could be carried further and additional
data obtained to substantiate his claim that the silica can leave the
boiler in appreciable amounts as vaporized silicic acid, a logical ex-
planation would be available to account for the deposition of the
silica crystals in the low-pressure turbines. Thus, if silicic acid has an
appreciable vapor pressure at the higher steam pressures, the sodium
silicate in the boiler water would hydrolize to form silicic acid, and the
silicic acid would vaporize or distill into the steam in amounts propor-
tional to the mole concentration of the silicic acid in the boiler water
and the vapor pressure of silicic acid at the boiler water temperature.
Since the concentration of silica is low in the boiler water, the amount
in the steam would be much lower than that corresponding to the true
vapor pressure of silicic acid. When superheated steam containing
this small amount of silicic acid has the pressure and temperature de-
creased, a point will be reached where the silicic acid in the steam
becomes greater than the amount corresponding to the vapor pressure
11 Splittgerber, Dr. A., "Silicic Acids and Their Significance in High-Pressure Boiler Opera-
tion," Vereiningung der Grosskesselbesitzer, Vol. 12, p. 514, 1939.
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of solid silicic acid at this lower pressure and temperature. When this
condition exists, the silicic acid will leave the steam and deposit as
a hydrated silica. If the steam reaches the saturation point before this
silica deposit occurs, the silicic acid, being soluble in water, will be dis-
solved in the condensate and no deposits will form.
Since the theory just developed appeared to be a logical approach
to the problem, laboratory studies parallel with power plant tests were
inaugurated in order to see if Splittberger's method of approach were
applicable to the problem of silica turbine blade deposits.
The laboratory work was conducted in an effort to determine:
(1) The relationship between silica in saturated steam and silica in
the boiler water.
(2) The relationship between solid silicic acid and silica in the
steam at various temperatures and pressures.
The power plant tests were conducted in an effort to determine:
(1) The relationship between the silica in the steam and the silica
in the boiler water.
(2) The changes occurring in the silica in the steam as it passed
through the turbines.
20. Laboratory Investigation.-
(1) Relationship between Silica in Saturated Steam and
Silica in the Boiler Water
It is rather difficult to believe that the silica present in the steam
from higher pressure plants is carried mechanically into the steam as
the soluble silicate occurring in the boiler water. If it were carried
mechanically into the steam, the salts in the steam entering the super-
heater should be present in the same relative proportions as they are
in the boiler water. Thus with a boiler water having a total dissolved
solids content of 500 p.p.m. and a SiO, content of 30 at 1250 lb. per
sq. in., the steam was found to have 0.30 p.p.m. SiO 2 and a total dis-
solved solids content of about 0.6 p.p.m. as indicated by conductance
measurements. With the silica content of the steam 0.30 p.p.m., the
soluble solids should have been 5 p.p.m. if the contamination were the
result of mechanical carry-over, which appears to indicate a selective
concentration of the silica in the steam.
If the silica were vaporized as silicic acid, such concentrations
could occur in the absence of mechanical carry-over. In order to obtain
data on the possibility of such vaporization, tests were started using
the high-pressure boiler previously used in the study of salts in steam
(Fig. 13). As explained on page 31, this boiler was designed so as
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TABLE 4
RELATION OF COMPOSITION OF SOLUTION IN BOILER TO STEAM LEAVING BOILER
Sodium Salts Used in Boiler
Tempera-
ture
Saturated
Steam
deg. F.
550
550
550
550
550
600
600
600
600
600
600
600
Solution in Boiler
SiO,
p.p.m.
4.4
3.8
20.4
20.2
20.2
4.4
3.8
12.8
21.4
21.0
18.8
19.6
pH
8.8
10.2
10.2
10.1
10.1
8.8
10.2
10.3
10.5
10.1
10.2
11.1
NaCl
p.p.m.
700
1460
1580
3160
3160
Steam
SiO,
p.p.m.
0.02
0.02
0.07
0.07
0.06
0.06
0.04
'0.14
0.22
0.17
0.16
0.09
Specific
Conduct-
ance
micromhos
25 deg. C.
0.33
0.31
0.35
0.37
0.42
0.43
0.30
0.32
0.29
0.42
0.56
0.60
pH
7.35
7.65
7.60
7.50
7.50
6.60
.7.40
7.70
7.60
7.20
7.20
7.30
Ratio in Per Cent
SiOs Steam
SiO Solution
0.45
0.52
0.35
0.35
0.30
1.36
1.05
1.10
1.05
0.82
0.85
0.46
to prevent any mechanical entrainment of boiler water in the steam.
It also prevented any condensation of steam prior to leaving the boiler
and thus gave a representative sample of the steam in equilibrium with
the boiler water. The steam from the boiler was condensed under pres-
sure, the pressure reduced to atmospheric, and the condensed' steam
was then passed through a rotameter, a conductivity cell, and a glass
electrode to determine the rate of flow, the conductance, and the pH
value before exposing to the atmosphere. Previous tests on the boiler
containing sodium chloride and hydroxide (Fig. 14) had shown that
the boiler, when operated at 600 deg. F. (1545 lb. per sq. in.), had a
mechanical entrainment of less than 0.001 per cent of boiler water.
The condensed steam leaving the glass electrode cell was analyzed for
silica colorimetrically (Appendix C).
The boiler was filled to the desired level with pure distilled water
and then heated to the desired temperature. The procedure followed
in obtaining the pure water for feed water is described in Appendix B,
section 2. The boiler was normally operated at a rate of steam gen-
eration of 10 lb. per hr. The silica was added as a solution of crystals
of pure sodium meta-silicate pentahydrate (NaO . Si0 2 . 5H 20) in dis-
tilled water.
Table 4 gives the results of tests run with sodium silicate in the
boiler. The results indicated that at 550 deg. F. (1045 lb. per sq. in.)
there was a measurable amount of SiO 2 in the steam which increased
as the silica in the boiler water increased; at 600 deg. F. (1545 lb. per
sq. in.) the SiO 2 in the steam reached an amount equal to about one per
I
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TABLE 5
RELATION OF COMPOSITION OF SOLUTION IN BOILER TO STEAM LEAVING BOILER
Potassium Salts Used in Boiler
Solution in Boiler Steam
Tempera-
ture -------------- Ratio in Per Cent
Saturated Specific
Steam SiOs SiOs Conduct- SiOs Steam
deg. F. p.p.m H ance pH SiO2 Solution
micromhos
25 deg. C.
600 1.9 8.0 0.03 0.27 7.22 1.58
600 5.2 8.2 0.06 0.27 7.22 1.15
600 17.0 8.6 0.23 0.27 7.22 1.36
600 17.2 9.6 0.20 0.25 7.20 1.16
600 19.2 10.7 0.16 0.26 7.20 0.84
600 19.8 11.1 0.12 0.27 7.20 0.61
600 6.0 10.81 0.03 0.36 7.20 0.50
600 19.4 11.02 0.10 0.35 7.17 0.53
1 Solution also had 1000 p.p.m. KCI present.2 Solution also had 1880 p.p.m. KCI present.
cent of the silica in the boiler water when the pH value of the boiler
water was around 10. The addition of sodium chloride to the
boiler water decreased the silica in the steam a small amount; however,
increasing the pH value of the boiler water from 10.2 to 11.1 had a
much greater effect in reducing the silica in the steam than the addi-
tion of 3160 p.p.m. of NaC1 had on the SiO 2 content. Another inter-
esting observation was that as the silica in the steam varied, the con-
ductance and pH value of the steam remained practically constant,
indicating that the silica was present in a form which would not affect
the pH value or conductance of water to any marked degree for such
low concentrations.
Table 5 shows the results of tests run at 600 deg. F. (1545 lb. per
sq. in.) with potassium hydroxide, silicate and chloride in the boiler
water. In these tests the ratio of the silica in the steam to the silica
in the boiler water was the same as when the sodium salts were pres-
ent. As the pH of the boiler water increased, the Si02 in the steam
decreased. The addition of KCI also decreased the Si02 in the steam.
In order to vary the silica content of the boiler water and study
the effect of solids present in the boiler water, the procedure of testing
was then changed. Steam generated from distilled water in the boiler
shown in Fig. 13 was passed into a bomb (Fig. 19) so constructed that
the steam bubbled through a solution kept at the same temperature
as the steam. The steam entered the bomb at the top center and passed
down and around an inverted copper cup, which extended to about
4 in. from the bottom of the bomb. A level indicating tube extended
from a point about 7 in. from the bottom of the bomb inside the cup
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Fio. 19. BOMB USED TO HOLD SILICA SOLUTIONS
through the top of the cup and through the top of the bomb. A small
needle valve was connected to the top of the level tube. Thermo-
couples were connected to the uninsulated portion of the tube. When
the bomb was operating and the water level reached the bottom of the
tube, the tube filled with water, causing the temperature of the top to
decrease. The thermocouples were connected to a temperature regu-
lator which in turn operated a relay in the electric resistance heating
line to the bomb. When the level raised in the bomb above the bottom
of the regulating tube, the power was turned on, heating the lower
portion of the bomb sufficiently to overcome radiation loss and caus-
ing a small amount of steam generation in the bomb, which in turn
caused the level to drop. When the level in the bomb dropped below
the end of the level regulator tube, the temperature of the top of the
tube increased and the regulator decreased the heat input to the bomb.
The volume of the solution in the bomb, about 750 ml., was controlled
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sion when not soluble) in theFIG. 20. CHEMICAL FEED SYSTEM ion when not soluble) i  t
TO BOMB small chamber A, which was
sealed, and the solution was then
pumped to the bomb through the
capillary tubing, using distilled water from one plunger of the two-
plunger-type boiler feed pump. The chemical was fed slowly in order
not to cause a temperature drop in the bomb.
The composition of the solution could be varied as desired by add-
ing chemicals. The advantage of the use of the bomb was that it could
be taken apart easily and cleaned when different solutions or solids
were used.
Table 6 gives the results of tests conducted at 600 deg. F. (1545 lb.
per sq. in.), in which varying amounts of silicates were in solution in
the bomb at different pH values. The results obtained are in good
agreement with those of the tests reported in Tables 4 and 5, showing
that apparently the bomb tests are similar to the boiler tests. This
agreement of results obtained in the bomb and boiler indicates that
the values obtained may be considered as equilibrium values. Thus in
the boiler, the steam was generated in contact with the boiler water
and was in contact with the boiler water as it passed up through
about 4 ft. of water. In the bomb, the steam passed up through only
within ±L 25 ml. by the regulator.
In order to obtain a sample of the
solution in the bomb, it was found
advisable to remove as small a
volume as possible so as not to
change materially the volume of
the solution in the bomb. The
sampling line had an inside di-
ameter of % in. and was about
18 in. long including the cooling
section. It was only necessary to
pass about 10 ml. through the
sampling line to remove the solu-
tion in the tube.
When chemicals were to be
added to the bomb, the volume
had to be small. The chemical
feeding system shown in Fig. 20
was used. Chemicals to be added
were put in solution (or suspen-
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TABLE 6
RELATION OF COMPOSITION OF SOLUTION IN BOMB TO STEAM LEAVING BOMB
Temperature 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb
SiOs
p.p.m.
8.6
3.6
41.7
5.4
6.4
51.0
5.4
7.0
6.9
36.6
48.5
7.1
42.2
52.0
41.8
3.8
22.8
30.2
0.7
39.0
16.4
18.0
42.5
43.9
30.2
32.2
63.0
23.6
pH
8.4
8.8
9.5
9.7
9.8
9.8
9.9
10.0
10.0
10.0
10.0
10.2
10.2
10.2
10.5
10.6
10.8
10.8
11.6
11.71
11.8
11.8
11.81
11.81
11.9
11.9
12.0
12.1
Steam
SiOs
p.p.m.
0.12
0.03
0.40
0.04
0.05
0.49
0.05
0.06
0.06
0.37
0.48
0.07
0.44
0.52
0.36
0.01
0.20
0.23
0.01
0.27
0.08
0.08
0.22
0.25
0.13
0.13
0.33
0.10
Specific
Conductance
micromhos
25 deg. C.
0.25
0.28
0.23
0.27
0.26
0.26
0.36
0.28
0.35
0.28
0.24
0.28
0.31
0.29
0.29
0.22
0.23
0.22
0.33
0.70
0.24
0.38
0.31
0.36
0.28
0.23
0.25
0.26
pH
7.10
6.80
7.60
7.05
6.95
7.60
7.07
7.00
7.13
7.72
7.25
7.00
6.95
6.95
7.06
7.50
6.88
6.95
7.15
7.50
6.90
7.25
7.10
7.17
7.05
7.00
7.08
7.10
Ratio in Per Cent
Si02 Steam
SiO2 Solution
1.40
0.83
0.96
0.74
0.78
0.96
0.93
0.85
0.87
1.00
1.00
1.00
1.02
1.00
0.86
0.88
0.76
0.69
0.49
0.44
0.52
0.57
0.43
0.41
0.52
0.42
1 Solution also had 1400 p.p.m. Na2SO4 present.
TABLE 7
RELATION OF COMPOSITION OF SOLUTION IN BOMB TO STEAM LEAVING BOMB
High Silica in Bomb Solution with pH Low
Solution in Bomb Steam
ture of -Ratio in Per Cent
Saturated Specific
Steam SiO2 SiOs Conduct- SiOs Steam
deg.pF. pH ance pH SiOs Solutiondeg. F .p.m. p.p.m. micromhos
25 deg. C.
400 600 8.1 0.02 0.37 7.80 0.00
450 600 8.1 0.10 0.28 7.75 0.02
500 665 6.8 0.55 0.28 7.25 0.08
500 336 8.6 0.16 0.40 7.80 0.05
550 435 8.6 0.80 0.38 7.10 0.18
550 500 6.8 1.80 0.34 6.85 0.36
550 735 9.8 0.66 0.35 7.90 0.09
600 465 7.5 6.90 0.44 6.20 1.48
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TABLE 8
RELATION OF COMPOSITION OF SOLUTION IN BOMB TO STEAM LEAVING BOMB
Silica in Bomb with Average pH Values
Temperature of Solution in Bomb Steam Ratio in Per Cent
Saturated Steam SiO2 Steam
deg. F. SiOs, p.p.m. pH SiOc, p.p.m. SiO2 Solution
500 6.4 9.2 0.00 0.00
500 25.0 10.1 0.00 0.00
500 17.0 11.1 0.01 0.06
500 99.0 11.0 0.04 0.04
550 6.4 9.2 0.02 0.31
550 25.0 10.1 0.04 0.16
550 99.0 11.0 0.12 0.12
550 97.0 11.21 0.16 0.16
600 25.0 10.1 0.20 0.80
600 24.0 10.32 0.19 0.80
600 68.0 11.1 0.44 0.65
1 Solution also had 1550 p.p.m. NaCl present.2 Solution also had 424 p.p.m. NaCI present.
3 in. of water. Although the contact time in the bomb was about one
half of that in the boiler, the results obtained were the same. In order
to determine further if the contact time were sufficient, the rate of
steam flow through the bomb was varied from 3 to 10 lb. per hr., with
the silica content of the steam leaving the bomb remaining constant.
Table 7 gives the results of tests conducted at temperatures be-
tween 400 deg. F. (250 lb. per sq. in.) and 600 deg. F. (1545 lb. per sq.
in.) with high concentrations of silica and lower pH values. Table 8
gives the results of tests run between 500 deg. and 600 deg. F. with pH
values similar to those encountered in steam boiler operation.
When the ratio of the SiO 2 in the steam to the SiO2 in the solution
is plotted against the pH value of the solution (Fig. 21), it is shown
that this ratio varies inversely with the pH value. With a low pH value
in the solution, the silica content of the steam is greater than when the
pH value is high.
The silica present in the steam is of a very high order of magnitude
when compared to the sodium hydroxide or sodium chloride found in
the steam. At 600 deg. F. (1545 lb. per sq. in.) saturated steam from
the hydroxide or chloride solutions showed less than 0.001 per cent
of the sodium salts in the steam. However, when silicates were present
in the solution, the silica in the steam varied between 0.4 and 1.6 per
cent of the silica in the solution, due to the change in pH of the solu-
tion. Thus the silica is present in the steam in such large amounts as
to preclude the possibility of its being mechanically entrained in the
steam. Furthermore, the lack of much change of conductance or pH
value of the steam with increasing silica content indicated that the
sodium salts of silica are not present.
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FIG. 21. RATIO OF SILICA IN STEAM TO SILICA IN SOLUTION
VERSUS pH OF SOLUTION
With a solution having a pH value of about 10 to 11, the amount
of silica in the.steam is about 0.05 per cent of the silica in the solution
at 500 deg. F. (681 lb. per sq. in.); 0.15 per cent at 550 deg. F. (1045
lb. per sq. in.); 1.0 per cent at 600 deg. F. (1545 lb. per sq. in.); 1.6
per cent at 625 deg. F. (1854 lb. per sq. in.); 3.3 per cent at 650 deg.
F. (2211 lb. per sq. in.).
The variation of SiO 2 in the steam with the change of pH in the
boiler, and its rapid increase with temperature increase above 500
deg. F. (681 lb. per sq. in.), combined with the lack of a marked effect
on the conductance and pH value of the steam, all indicate that the
silica is not present in the steam as the sodium silicate. If the silica
leaves the boiler water in another form than as sodium silicate, it may
be in some form of silicic acid such as H4SiO4 or H 2SiOs. Sodium
silicate solutions hydrolyze, and at some temperature around 500 deg.
F. could liberate silicic acid. This reaction would be influenced by the
pH value of the solution, and since silicic acid is a very weak acid,
it would in turn have only .a slight influence on the pH value or
conductance of the condensed steam.
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(2) Relationship between Solid Silicic Acid and the Silica in the
Steam at Various Temperatures and Pressures
If silicic acid is vaporized, solid silicic acid in contact with super-
heated steam should be present in the steam in amounts equal to its
vapor pressure. In order to determine the action of solids in contact
with superheated steam, the test procedure was changed. Steam from
the laboratory boiler was passed through the bomb shown in Fig. 22.
The salts to be studied were
pumped into the bomb in solution
or suspension, and since the tem-
perature of the bomb was above
the saturation temperature, it
provided superheated steam in
contact with the solid materials
to be studied. Copper spirals were
placed on the plates in the bomb
in order to increase the contact
surface. The steam leaving the
bomb passed through a stainless
steel tube (% in. O.D. x 20 gage,
about 10 ft. long) to a stainless
steel double-coil condenser (¼ in.
Sa•urat ed ,S&.perbe'ted
Sen _ Steam
In le/ wlet
etemicawee
Feed
F/edt/c' P/aes wi/h
Resistance - coper
hea7 o-- pira/s
,each Pai-
FIG. 22. BOMB USED TO SUPERHEAT
STEAM IN CONTACT WITH SOLIDS
x 20 gage inside coil). The rate of flow was controlled by a needle valve
on the outlet end of the condenser. Thus the steam was cooled while
under pressure with no throttling.
The bomb was partly filled with a solution of sodium silicate made
from crystals of Na2 SiO . 5H 20 and heated with the removal of steam
until the steam was superheated; then steam in the bomb was kept
superheated. This procedure allowed superheated steam to be in con-
tact with the solid sodium silicate. When steam at 681 lb. per sq. in.
(500 deg. F.) was passed through and heated to 600 deg. F. in con-
tact with the solid sodium silicate, the steam contained 0.02 p.p.m.
SiO2 .
In the next test, a similar solution of sodium silicate was put in the
bomb, and while under steam pressure, sulfuric acid was added until
the solution became neutral, and silicic acid and sodium sulfate were
formed in the bomb. The solution was then slowly evaporated under
pressure, with steam from the boiler passing through the bomb, which
in turn superheated the steam in contact with the silicic acid. For
additional tests purified silicic acid was also pumped into the bomb
while under steam pressure. In tests run under these conditions (Table
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TABLE 9
TESTS RUN USING BOMB SHOWN IN FIG. 22
Pressure Superheat Rate of Flow SiOs in
lb. per sq. in. gage Temp., deg. F. lb. per hr. Steam, p.p.m.
Silicic acid in bomb condenser about 10 ft. from bomb.
153 410 10.0 0.04-0.06
153 420 10.0 0.04-0.04
153 460 10.0 0.03-0.04
153 550 10.0 0.11-0.14
153 650 10.0 0.14-0.17
153 750 10.0 0.23-0.57
153 750 10.0 0.31-0.45
153 750 5.0 1.70-1.07
153 750 3.0 2.7 -2.7
153 760 1.3 10.0 -3.9
153 720-610 1.3 2.9 -2.7
Condenser placed within about 4 in. of bomb outlet.
153 600 5.0 0.19-0.29
153 600 10.0 0.15-0.21
153 600 2.0 0.23-0.25
153 600 5.0 0.21-0.41
153 600 2.0 0.34-0.46
153 500 5.0 0.08-0.23
153 500 2.0 0.14-0.16
153 400 2.0 0.06-0.07
153 400 5.0 0.03-0.04
153 400 1.2 0.07-0.17
153 400 5.0 0.04-0.04
67 400 1.2 0.01-0.04
67 400 2.0 0.01-0.01
67 400 5.0 0.01
67 400 1.2 0.03-0.03
9) there was a marked variation in the silica content of the steam
with change in rate of steam flow, and at the same time very little
variation with change in temperature. The condenser, being so far
from the bomb, would not give samples of steam representative of that
leaving the bomb. In order to check the effect of the location of the
condenser, it was moved so as to be within a few inches of the bomb
outlet. Table 9 shows that after this change results were more con-
sistent. However, even under this condition, results were not wholly
consistent.
The bomb was heated at the lower portion, the top receiving its
heat only by heat transfer through the metal or by heat from the
superheated steam; consequently the steam leaving the bomb was at
a lower temperature than the steam in contact with the silicic acid.
Under these conditions, true values for the silica over silicic acid at
the control temperature were not obtained.
In order to obtain true values the apparatus was changed to that
shown in Fig. 23. Superheated steam was passed through a stainless
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FIG. 23. APPARATUS USED TO BrING
SUPERHEATED STEAM IN CONTACT
WITH SILICIC ACID
steel tube (Y in. O.D. x 20 gage
wall) inside a steel tube about 2
in. I.D. and 95 in. long. The
space inside the larger tube was
filled with copper spirals in order
to increase the contact surface.
The large tube was heated by
means of electric resistance
wiring wrapped around the pipe.
Constantan thermocouples were
attached to the middle of the
tube and at the outlet at the top.
The superheated steam was
passed down through the small
inner tube up around the copper
spirals and out the top of the
tube. Thus the only heat added
to the larger tube was that neces-
sary to counterbalance radiation
loss. When the tube was at the
desired temperature, a suspen-
sion of pure silicic acid alone
was pumped into the top of the
big tube, which deposited the
silicic acid on the spirals. The
silicic acid was prepared by adding hydrochloric acid to a solution of
Na2O . SiO2 . 5H0O in distilled water. The precipitated silicie acid was
filtered and washed with distilled water until free of' chloride. With
this apparatus, the superheated steam leaving the tube should contain
an amount of silicic acid corresponding to the vapor pressure at the
temperature and pressure used. In order to prevent silica deposit due
to any temperature drop after leaving the tube, the condenser was
placed at the outlet of the tube.
Table 10 gives the results of tests run using the equipment just de-
scribed. The silica content of the steam was the same for rates of flow
from 2 to 10 lb. per hr., indicating that the silica present in the steam
represented the equilibrium condition between the silica in the
steam and the vapor pressure of the silicic acid. In Fig. 24 the con-
centration of the silica in the superheated steam (log scale) is plotted
against the reciprocal of the absolute temperature, resulting in a series
of straight lines for the various pressures. This relationship indicates
that the silica present in the steam is the result of vapor pressure of
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TABLE 10
TESTS RUN USING APPARATUS SHOWN IN FIG. 23
Temperature, deg. F.
Wall
530
640
430
540
540
550
540
630
640
690
540
640
680
530
630
Saturator
Outlet
500
600
400
500
500
500
500
600
600
650
500
600
650
500600
Pressure
lb. per sq. in.
gage
67
67
67
153
153
153
153
153
153
153
270
270
270
420
420
420
420
Rec/proca/ ofi Abso/Afie 7Tenperafure
FIG. 24. CONCENTRATION OF SILICA IN SUPERHEATED STEAM
VERSUS RECIPROCAL OF ABSOLUTE TEMPERATURE
Leaving
Superheater
530
640
430
520
520
550
540
680
640
700
540
640
680
530
640
640
680
630 600
670 650
Rate of
Steam Flow
lb. per hr.
5
5
5
5
10
2
5
5
10
5
5
5
5
5
5
5
5
Si02
p.p.m.
0.04-0.04
0.10-0.12
0.00-0.00
0.13-0.13
0.13-0.13
0.10-0.12
0.14-0.15
0.28-0.32
0.30-0.31
0.49-0.50
0.27-0.30
0.65-0.67
0.92-0.98
0.62-0.66
1.41-1.45
1.41-1.45
2.04-2.06
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FIG. 25. SiO2 IN SUPERHEATED STEAM OVER SILICIc ACID
silicic acid. Figure 25 shows the amount of silica in the superheated
steam over silicic acid as derived from Fig. 24.
21. Power Plant Tests.-
(1) Relationship between Silica in the Steam and Silica in Boiler Water
Studies were made in three power plants having boilers operating
around 1250 lb. per sq. in., to determine the ratio between the silica in
the steam and that in the boiler water. All three of these plants use
evaporator make-up, have phosphate treatment, and employ fresh
water for surface condensers.
In Plant A, the pH value of the boiler water was between 10.9 and
11.1. Daily analyses for silica were made on the superheated steam
from each of the three boilers and on the combined steam from the
main header. Silica was also determined in the boiler water from each
boiler.
The silica in the boiler water averaged 8 p.p.m., with a minimum
of 4 p.p.m. and a maximum of 13 p.p.m. The silica in the steam
averaged 0.05 p.p.m., with a minimum of 0.02 p.p.m. and a maximum
of 0.10 p.p.m.
The ratio of the silica in the steam to that in the boiler water was
between 0.5 and 0.8 per cent. The specific conductance of the degassed
steam was about one micromho.
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In Plant B, the pH value of the boiler water was between 10.7 and
11.2. Daily analyses for silica were made similarly to those made in
Plant A. The silica in the boiler water averaged 9 p.p.m., with a
minimum of 5 p.p.m. and a maximum of 14 p.p.m. The silica in the
steam averaged 0.05 p.p.m., with a minimum of 0.03 p.p.m. and a maxi-
mum of 0.10 p.p.m. The ratio of the silica in the steam to that in the
boiler water was between 0.5 and 0.7 per cent. The specific conductance
of the degassed steam was about 1.2 micromho.
In Plant C, when the pH value of the boiler water was between
11.0 and 11.3, the silica in the steam was between 0.02 and 0.05
p.p.m. The boiler water had a silica content between 2 and 5 p.p.m.,
giving a ratio of silica in the steam to that in the boiler water of about
0.8 per cent with a maximum of one per cent.
(2) Changes Occurring in the Steam as It Passed through the Turbines
In Plants A and B no data are available on the silica content of
the low-pressure steam or the condensate, due to the fact that the de-
posits forming on the low-pressure units were of a small order of mag-
nitude. In Plant B, for example, the low-pressure unit when examined
on scheduled outage at the end of two years showed a small amount
of deposit. This soft and easily removed deposit, which formed in
the temperature range from 400 deg. to 250 deg. F., contained from
30 to 71 per cent SiO,. The silica was present as cristobalite and
chalcedony, both crystalline forms of silica. The rest of the deposits
consisted mainly of iron oxides (red and black).
In Plant C, prior to the time when the values reported were
obtained, much -difficulty was experienced with turbine blade deposits
in the low-pressure units. At the time these deposits were forming,
the silica content of the boiler water varied between 10 and 40 p.p.m.
The silica in the steam leaving the boilers varied between 0.1 and 0.4
p.p.m. The steam condensate from the low-pressure machines con-
tained about 0.1 to 0.2 p.p.m. SiO2, showing a loss of up to 0.2 p.p.m.
Si02 in the steam - a definite indication of silica deposition in the
units. At the same time, the stage pressures indicated deposits were
forming. When the conditions of operation were changed so that the
silica in the boiler water was kept below 5 p.p.m., the silica in the high-
pressure steam was the same as that in the condensate from the low-
pressure units, indicating no silica deposition in the units. At the same
time, the stage pressures showed no indications of deposits forming.
From the study made in Plant C, it was concluded that when the
silica in the steam became higher than 0.1 p.p.m., there was a prob-
ability that deposits would form in the low-pressure turbines. When
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this value has been kept below 0.05 p.p.m., the units have operated
two years with no indications of deposits forming.
During these plant tests, it was noticed that the silica content of
the boiler water in Plants A, B, and C (during the days of higher silica
content) increased whenever the boilers came on the header after
being on bank. At the same time, the silica content of the steam also
increased. These values returned to average shortly after the boiler
was in normal operation. This variation appears to be connected with
so-called "hide out."
22. Discussion.-The laboratory tests show that sodium silicate in
boiler water will liberate silica as a vapor, presumably as silicic acid,
in appreciable amounts, thus resulting in silica in the steam without
mechanical entrainment of the boiler water. The amount of silicic acid
vaporized depends upon the concentration of soluble silicates in the
boiler water. If the concentration of silica in the boiler water is high,
appreciable amounts of silica may occur in the steam at lower pres-
sures than when the silica content is low. Thus it is possible to have
an appreciable amount of silica vaporized from a boiler water having a
concentration around 500 p.p.m. SiO, at a steam pressure as low as 400
lb. per sq. in. However, for normal concentrations of silica occurring
in boiler waters, it is necessary to have a steam pressure of about 800
lb. per sq. in. before the silica concentration in the steam becomes
sufficient to cause difficulty. As the steam pressure increases above 800
lb. per sq. in., the amount of silica vaporized increases rapidly, so that
around 1500 lb. per sq. in., a silica content in the boiler water as low
as 10 p.p.m. could cause appreciable amounts of silica blade deposit.
The amount of silica vaporized may be controlled to a small amount
by adjusting the pH value of the boiler water. However, in general it
is often difficult to increase the pH value enough to cause suffi-
cient reduction in vaporized silica to prevent the insoluble deposit. If
the pH value is increased too much, there is the possibility of increas-
ing the amount of soluble deposits forming in the higher pressure end
of the turbines.
The results obtained in this investigation indicate that silicic acid
has an appreciable vapor pressure at temperatures above 400 deg. F.
When the silica is present in solution in the boiler water as sodium
silicate, the mole concentration is very low; consequently, the vapor
pressure over normal boiler waters does not become appreciable until
pressures above 800 lb. per sq. in. are reached. Since the vapor pres-
sure of the silicic acid over the boiler water is affected by the mole
concentration and the pH value, the concentration of the silicic acid
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in the steam will be much lower than that corresponding to the true
vapor pressure of the solid silicic acid at the temperature correspond-
ing to the steam pressure. However, as the temperature and pressure
of the steam decrease as it passes through the turbine, a point is
reached where the silicic acid concentration in the steam becomes
greater than the silicic acid content corresponding to that for the
vapor pressure over silicic acid at this temperature and pressure. When
this occurs, silicic acid will leave the steam and deposit on the blades.
Thus if a boiler water has 25 p.p.m. of silica and a pH value of 11
and the steam pressure is 1500 lb. per sq. in., the steam would contain
about 0.20 p.p.m. of SiO,. If this steam were passed through a topping
turbine exhausting into a low-pressure turbine at 270 lb. per sq. in. and
600 deg. F., no insoluble silica deposit would form in the topping
turbine, since the concentration of silica corresponding to the vapor
pressure of silicic acid at 270 lb. per sq. in. and 600 deg. F. is around
0.7 p.p.m. Si02 and there is only 0.2 p.p.m. of SiO2 in the steam (Fig.
25). However, as the steam passes through the low-pressure turbine
and reaches a point where the pressure is 153 lb. per sq. in. and the
temperature is 450 deg. F., the vapor pressure of the silicic acid cor-
responds to around 0.08 p.p.m. Si02 in the steam. Since the steam has
0.20 p.p.m. of SiO2 present, the silica deposits in this area.
As the silica content of the steam leaving the boiler increases, the
deposits will start forming in the turbine in areas of higher tempera-
ture and pressure. Similarly, a greater amount of deposit forms with
higher silica content of the steam.
If the steam is used for process and leaves a topping turbine with-
out passing through a low-pressure machine, it is possible to have
rather high silica contents in the boiler water without appreciable
deposits unless the temperature at the low-pressure end of the turbine
becomes too low.
When the silica content of the boiler water is kept below 5 p.p.m. at
1500 lb. per sq. in. with a pH around 11.0, the silica content of the
steam will be so low that no appreciable amounts of deposits should
form even in the low-pressure turbines.
If the steam becomes saturated, the silica is sufficiently soluble to
prevent its deposition in the wet areas of the turbine.
VII. PREVENTION OF SILICA BLADE DEPOSITS
23. Introduction.-The insoluble silica deposits found in the tur-
bines are undoubtedly the result of the vaporization of silicic acid from
the boiler water. Once the silicic acid is present in the steam as a
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vapor, it becomes rather difficult to remove it; consequently, the major
amount of effort should be expended in the direction of removal of
silica from the boiler water. However, in many instances this removal
may be very difficult to effect, and in these cases it may be possible to
reduce the silica content of the steam by various means. In general,
the prevention of this type of silica deposit on turbine blades may be
accomplished by one of the following two methods: (1) Reduction of
silica in the boiler water; (2) removal of silica from the steam.
24. Reduction of Silica in the Boiler Water.-In order to reduce
the concentration of silica in the boiler water, it is advisable to reduce
to a minimum silica contamination of condensate by means of con-
denser leakage and pickup in storage. Storage in concrete tanks often
causes an appreciable silica pickup of water. Also, in stations using
evaporators, the evaporator carry-over may cause appreciable silica
contamination. When treated water make-up is used, the silica content
should be reduced as low as possible. However, even when all pre-
cautions have been taken to keep silica contamination at a minimum,
the silica content of the boiler water may tend to become higher than
the desired amount.
Laboratory tests were conducted in order to study the possibility
of precipitating the silica as an insoluble sludge and the effect of this
precipitation on the silica in the steam. These tests were conducted
under two conditions: the first involved the passing of pure steam
through solutions, while the second involved the generation of steam
in the solutions to be studied, with a subsequent examination of the
heating surface in order to obtain additional information relative to
any possible scale formation. A series of tests was conducted to de-
termine the effect of magnesium, Fe, Zn, Mn, Sr, K, phosphate, and
analcite on the silica in solution and in the steam at 1545 lb. per sq. in.
The procedure followed when the steam was passed through the
solution was the same as described in Sec. VI, p. 40. Tables 11 to 23
inclusive give the results obtained from these tests.
Table 11 shows the effect of adding magnesium (as Epsom salts,
MgS04. 7H 20) to a solution of silicate. The addition of the excess
magnesium reduced the soluble silica to 1.5 p.p.m. in the bomb and
that in the steam to almost zero (0.005 p.p.m.). The action of the
magnesium appeared to be that of adsorption instead of precipitation
as definite magnesium silicate. When phosphate was added the amount
of silica increased, and the addition of Epsom salts did not lower it.
The addition of calcium carbonate did not reduce the phosphate or
change the silica content. When calcium chloride was added, the
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TABLE 11
EFFECT OF MAGNESIUM ON SILICA IN SOLUTION
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb
SiO 2  pH
p.p.m.
8.3 9.2
82.5 11.0
31.0 10.1
27.0 10.7
14.0 10.6
8.0 10.4
11.0 10.5
10.0 10.5
4.3 9.9
4.1 10.8
2.3 10.5
1.6 10.3
1.6 10.3
1.9 10.8
2.4 11.4
1.5 11.1
9.2 10.5
13.3 10.5
13.7 11.5
12.8 11.1
12.5 11.1
12.2 11.1
1.1 10.1
P04
p.p.m.
130.0
90.0
65.0
48.0
45.0
33.0
0.1
Ratio in Per Cent
SiOi in
Steam
p.p.m.
0.09
0.70
0.34
0.26
0.15
0.13
0.13
0.11
0.05
0.03
0.01
0.01
0.01
0.005
0.005
0.005
0.07
0.11
0.10
0.10
0.10
0.08
0.005
Si02 Steam
SiO2 Solution
TABLE 12
EFFECT OF MAGNESIUM ON SILICA IN SOLUTION
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb
SiO2 pH P04
pp.pm. p.p.m.
62.5 10.2 ....
85.0 10.7 ....
68.5 12.0 ....
130.0 12.1 ....
46.0 11.3 ....
95.0 11.9 .... .
55.0 11.3 ....
45.0 11.4 .... .
32.5 11.3 ....
22.6 11.1 ...
15.5 10.8 ....
11.0 11.4 3
8.0 11.3 ....
4.5 11.2 ...
3.0 11.2
3.0 11.0 6.0
4.8 11.0 5.0
6.7 10.6 10.0
9.5 10.6 15.0
10.0 10.8 8.0
10.0 10.6 6.0
9.5 10.6 5.0
Si02 in
Steam
p.p.m.
iatio in Per Cent
Si02 Steam
Si02 Solution
1.04
1.30
0.58
0.52
0.76
0.58
0.76
0.78
0.74
0.89
0.91
0.72
0.84
0.90
0.95
Chemical
Added
Na2SiOi. 5H 20MgSO4.7H 2 0NaOH
MgSO4.7H 2 0
MgSO4.7H 2 0NaOH
MgSO4. 7H20
MgSO4.7H20
MgSO4.7H20
NaOH
MgSO4.'7H 2 0o
NaHzP04. H 20
NaOH
MgSO4.7H20
CaCO3
CaCOs
CaC12
Chemical
Added
Na2SiO3. 5H 20Na2SiOs. 5H 20NaOH
NaSiO3. 5H 2 0O
MgSO4.7H20O
Na2SiO3. 5H20
MgSO4.7H20
MgSO. 7H20
MgSO4.7H 20
MgSO4.7H20
MgS04.7H20
NaOH
MgSO4.7H20
MgSO4.7H20
MgS04.7H20
MgS04.7H20
NaH2PO4. H20
NaH2PO4. HO20
NaH2PO4. H 20
NaH2PO4. H 20
NaCI
KCI
Amount
Added in
Grams
0.30
0.30
0.25
0.20
0.05
0.25
0.05
0.05
0.05
0.05
0.05
0.15
0.05
0.05
0.05
0.10
0.02
0.02
0.02
0.02
0.30
0.50
Amount
Added in
Grams
0.20
0.15
0.065
0.10
0.10
0.125
0.10
0.10
0.10
0.12
0.20
0.20
0.14
0.10
0.10
0.50
0.40
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TABLE 13
EFFECT OF POTASSIUM ON THE REMOVAL OF SILICA BY MAGNESIUM
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb
pH
10.6
10.4
10.1
9.9
11.1
11.1
11.1
11.1
10.7
11.2
11.2
11.1
11.2
11.4
11.5
11.4
11.3
11.0
11.0
10.9
10.0
10.0
9.9
9.8
P0 4
p.p.m.
0.5
1.0
0.5
0.6
1.0
89.0
35.0
23.0
4.0
12.0
5.0
2.5
1.5
0.5
1.0
12.0
4.0
4.0
SiOs in
Steam
p.p.m.
2.00
1.90
1.70
1.36
0.71
0.06
0.02
0.02
0.04
0.02
0.01
0.11
0.11
0.10
0.01
0.04
0.04
0.04
0.04
0.01
0.06
0.23
0.20
0.18
Ratio in Per Cent
SiO2 Steam
Si02 Solution
0.79
0.85
1.02
1.13
0.64
0.46
0.63
60.38
60.94
0.96
0.90
Chemical
Added
KOH +Si02
MgSO4.7H2O
MgSO4.7H2O
MgSO4.7H20O
KOH
MgSO4. 7H20
MgO
KH2PO4
KH2PO4
KH2P0 4KHsP0 42 O4
KH2P0 4
KH2PO4
HS0 4
KH2PO4.
PSO4
Amount
Added in
Grams
0.10
0.20
0.10
0.24
0.10
1.00
0.02
0.05
0.05
0.20
0.20
0.20
0.02
n n6
Si0 2
p.p.m.
255.0
225.0
168.0
120.0
110.0
2.9
3.3
2.7
1.9
2.5
2.7
24.5
24.0
16.0
4.5
10.5
9.0
6.0
4.9
2.7
6.8
24.5
22.0
20.0
soluble phosphate was removed and the silica content was reduced,
indicating that phosphate interferes with the adsorption of silica by
magnesium.
Data in Table 12 show further the action of magnesium in re-
moving silica and the retarding action of phosphate; these results
again demonstrated that the silica reduction by magnesium was
adsorption and that when the phosphate was added so as to have
soluble phosphate, the soluble silica increased. In this test, 4.8 milli-
moles of SiO 2 were added, some of which was lost because part of the
bomb contents were removed for samples. The magnesium added was
equal to 2.03 millimoles and the phosphate to 0.58 millimoles. Thus one
millimole of Mg removed about two millimoles of SiO2. Phosphate
retards the removal of silica, while the presence of NaC1 or KCl does
not retard this action.
In Table 13 data are presented on the results of tests conducted
to determine the effect of potassium on the removal of silica. These
tests showed that the magnesium removal of silica behaves the same
in the presence of potassium salts as in the presence of sodium salts.
Potassium phosphate also retards the removal of silica by the
magnesium.
KHZP04 0.05
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TABLE 14
EFFECT OF MAGNESIUM ON SILICA FROM ANALCITE
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb Si02 in Ratio in Per Cent Amount
SO Steam Ste Steam Chemical Added in
Si
0 2  
pH p0m p.p.m. SiO, Solution G ra m s
p.p.m. p.p.m.
2.6 11.1 2.0 0.02
120.0 11.0 8.5 0.86 0.71 Analcite 2.00
160.0 10.9 17.5 1.83 0.84 ............ ....
167.0 11.0 19.5 1.70 1.00 ............
160.0 10.8 19.5 1.39 0.87 Epsom Salts 0.20
162.0 7.8 17.5 1.70 1.05 Epsom Salts 0.20
2.5 10.9 0.0 0.04 .... MgO 1.00
1.8 11.0 0.0 0.02 ................
1.6 11.1 1.0 0.02 .... NaH2PO 4 .HsO 0.022.0 10.8 0.8 0.02 .... NaH2PO4.HzO 0.05
1.4 10.8 0.0 0.005 ....
20.5 10.8 68.0 0.14 0.69 NaH2PO,. HsO 0.20
20.0 11.0 35.0 0.16 0.81 ............
20.0 11.0 32.01 0.17 0.86 NaCl 1.00
1 Solution also had 1110 p.p.m. NaCI present.
TABLE 15
EFFECT OF MAGNESIUM ON SILICA FROM ANALCITE IN THE PRESENCE
OF POTASSIUM SALTS
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb, p.p.m.
SiOz
3.5
170.0
200.0
190.0
163.0
185.0
40.0
53.0
11.2
10.5
12.0
7.0
2.0
12.0
25.0
26.0
22.0
22.0
23.0
21.0
20.0
18.0
19.0
4.0
7.5
7.5
10.0
16.0
16.0
16.0
i3.06
KOH
72
114 .
110
110
110
110
194
170
216
210
195
210
220
220
205
121
98
87
74
66
70
48
25
230
218
219
182
5
5
49
'40
P0 4
1.5
100.0
135.0
30.0
15.0
6.0
2.0
1.5
1.5
1.3
1.5
0.0
6.0
0.0
0.0
1.5
1.5
1.0
2.06
KCI
1210
960
940
104
SiOs in
Steam
p.p.m.
0.02
1.33
1.40
1.70
1.40
1.35
0.27
0.38
0.07
0.06
0.07
0.05
0.03
0.08
0.14
0.19
0.19
0.20
0.23
0.23
0.20
0.19
0.20
0.005
6:0.04
0.04
0.10
0.20
0.18
0.15
6:i4
Chemical
Added
Analcite
KC1
MgO
MgO
MgO
MgO
MgO
KH2PO 4
CaSO4. 2H20
CaSO4.2H" 0CaS :024'120
CaSO4.2H20
CaSO4.211H•O0
CaS04.2HzO1
KOH
KH2P04KH2PO4
KH2PO4
KH2P0 4
KH2PO4
KOH
KH2PO4
Amount
Added in
Grams
2.00
1.00
0.75
0.25
1.00
0.30
0.10
0.20
0.35
0.05
0.05
0.075
2.00
0.60
0.075
0.075
0.20
0.10
0.025
0.050
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TABLE 16
RELATIONSHIP BETWEEN MAGNESIUM AND SILICA IN SILICA REMOVAL
Tests Run at 600 deg. F. (1545 lb. per sq. in.)
Solution in Bomb, p.p.m. SiO2 in Amount
Steam Chemical Added Added in
SiOs NaOH PO0 p.p.m. Grams
2.2 61 0 0.02
1.5 49 0 0.005 MgO 1.00
4.0 240 0 0.01 Na2SiOs.5H20 0.53
22.5 505 .. 0.17 NaSiO. 5H1O 0.53
3.0 380 .. 0.00
20.5 230 148 0.08 NaHiP0 4 . H0 0.3513.0 230 48 0.08 ............ ...
5.5 158 7 0.03 ............
55.0 255 50 0.31 Na2Si03.5HsO 0.53
21.0 170 21 0.15
11.0 96 9 0.10 MgS0 4 .7H 20 0.615
1.9 2 0 0.02
3.6 0 1 0.04 NaH2PO 4 .H20 0.05
Table 14 gives the results of tests run with analcite (Na 2O . A120s.
4Si0 22H 20) as a solid phase in the bomb. In this test, 18 millimoles
of Si02 was added in the form of analcite, 26.6 millimoles of Mg was
added, and 1.95 millimoles of P0 4 was also added. If all the silica
added as analcite were adsorbed by the Mg, one millimole of Mg re-
moved 0.87 millimole of SiO2 and one millimole of P0 4 retarded the
silica-reducing ability of 13 millimoles of Mg.
In order to study the action of the potassium salts when analcite
was present as a solid phase, the test reported in Table 15 was run. In
this test, 18 millimoles of SiO 2 were added as analcite, 60 millimoles
of Mg were added, and 1.47 millimoles of P0 4 to the point of silica
increase. Results show that if all the analcite were adsorbed by the
Mg, one millimole of Mg removed 0.3 millimoles of Si02 and one
millimole of PO, retarded the silica-reducing ability of 41 millimoles
of Mg, indicating that more Mg would be necessary to reduce the
silica in the presence of potassium than would be necessary with
sodium present.
A test was run (Table 16) to determine the relationships between
magnesidm and silica and the effect of the phosphate in retarding the
silica removal. In this test, 25 millimoles of MgO was added to the
bomb, and when 2.5 millimoles of SiO, was added, the Si0 2 was still
kept low by the MgO present. Thus the MgO was present in an
amount equal to five times the SiO 2 on the mole basis. When phos-
phate was added in large excess, 148 p.p.m., the Si0 2 content in-
creased to 20.5 p.p.m.; however, as the PO, content was decreased to
about 7 p.p.m., the SiO2 content was lowered to 5.5 p.p.m. When more
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SiO 2 was added so as to reduce the Mg/SiO0 ratio from 5 to 3.3, the
presence of 9 p.p.m. PO, increased the SiO 2 to 11 p.p.m. When more
Mg was added (2.5 millimoles) in order to bring the MgO/Si02 ratio
to 3.7, the SiO 2 was 3.6 p.p.m. when the P0 4 was one p.p.m. Appar-
ently if the Mg/SiO2 ratio is four or more, the presence of a small
amount of P0 4 does not increase the soluble silica to any appreciable
extent. However, if the ratio is lower, the PO4 has a marked effect on
TABLE 17
EFFECT OF STRONTIUM ON SILICA AT 600 DEG. F.
(1545 lb. per sq. in.)
Solution in Bomb, p.p.m. Steam, p.p.m.
------------ ------- Chemical A imount
Added Added in
NaOH SiOs NaCI Fe SiOs Fe Grams
0 17 ... 1.75 0.20 0.05 Dist. Water
160 170 ... 1.25 1.14 0.04 Na2SiO3.5H 20 0.50240 155 ... .... 1.04 .... SrCO3 0.15
153 110 ... 0.35 0.76 0.03 ........
102 85 120 0.25 0.65 0.03 SrCh. 6H20 0.20
76 80 1070 0.50 0.63 0.03 KCI 1.00
TABLE 18
EFFECT OF FERROUS IRON ON SILICA AT 600 DEG. F.
Solution in Bomb, p.p.m. Steam, p.p.m.
-------------------------------- Chemical Amount
Added Added in
KOH SiOs Fe KCI P04  SiOs Fe Grams
0 9.5 0.15 .... .. 0.57 0.10 Dist. Water
90 19.0 0.25 .... .. 0.13 0.05 KOH 0.12
76 23.0 0.10 1130 .. 0.23 0.03 KC1 1.00
89 27.0 0.10 2320 .. 0.27 0.03 KC1 1.00
40 115.0 0.10 1850 .. 0.98 0.03 SiOs
KOH 0.32
160 69.0 2.00 .. 0.55 0.04 FeSO4.7H20 0.5094 64.0 0.35 1290 .. 0.56 0.04
.... .. .KOH 0.30
185 47.0 0.35 1210 .. 0.35 0.04 FeSO 4.7H20 0.50S.. .. KOH 0.21
178 35.0 0.35 1130 .. 0.27 0.04 FeSO4.7HO20 0.5076 24.0 0.35 557 .. Blow bomb ..........
S... .... ... ..... KOH * 0.12
101 26.0 0.27 .... 67 0.20 0.04 KH 2 PO 4  0.10
.... KOH 0.22
102 20.0 0.20 432 51 0.18 0.04 FeSO4.7H20 0.50
102 215.0 0.15 865 47 2.00 0.04 KCI+SiOs 0.50
89 200.0 0.15 2170 49 1.80 0.04 NaCI 1.00
75 155.0 0.12 2000 41 1.26 0.04
68 90.0 0.12 .... 28 0.85 0.04 ZnO 1.00
.. .. ZnCl 1.58
170 7.1 .... 2940 7 0.08 .... KOH . 1.54
153 9.0 .... 2840 14 0.05 0.04 ..........
KOH 0.12
. 6.. ..... .2760 5 ... znc.KOH 0.12
85 6.2 .... 2760 3 0.05 .... ZnCl2 0.17
BUL. 364. STEAM TURBINE BLADE DEPOSITS
TABLE 19
EFFECT OF ZINC ON SILICA AT 600 DEG. F.
NaCl
89
400
533
600
755
610
847
915
865
692
666
555
SiOs in
Steam
p.p.m.
1.65
1.60
1.33
0.53
0.28
0.07
0.03
0.02
0.03
0.03
0.33
0.31
the soluble silica content. For ex-
ample, as shown in Table 11, when
the MgO/SiO2 ratio was only 1.5
the P0 4 had a marked effect on the
soluble silica.
The effects of the addition of
Sr, Fe, Zn, Mg, and Mn on the pre-
cipitation of silica are shown in
Tables 17 through 23. Of these
salts, Mg, Mn, and Zn all appear to
reduce the soluble silica content;
however, few data are available
relative to the behavior of the Zn
and Mn silicates at the steam gen-
eration surface.
It has been shown that certain
elements tend to form insoluble
silica compounds in the boiler
water and in turn reduce the solu-
ble silica content of the boiler
water. In order to study the be-
havior of these precipitates under
To
Condenser
Bo1/er
SThermocoup/as
FIG. 26. APPARATUS USED TO STUDY
SILICA PRECIPITATION IN
STEAMING BOILER
steaming conditions, a small boiler was constructed (Fig. 26), in which
steam is generated in a tube which is almost horizontal. The tube
Solution in Bomb, p.p.m.
NaOH
382
212
46
291
165
39
26
228
88
298
127
242
223
Si02
275.0
228.0
145.0
85.0
34.5
5.6
10.8
2.15
4.75
5.15
56.0
48.5
Chemical
Added
Na 2SiO 3 . 5HsOZnCl2
ZnCh2
NaOH
ZnCl2
ZnCh
ZnC12
NaOH
ZnC12
ZnCl2
NaOH
NaH2PO4. H20
Na2SiOa. 5H 2 0
Amount
Added in
Grams
0.168
0.168
0.310
0.168
0.168
0.168
0.265
0.168
0.168
0.115
0.050
0.25
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TABLE 20
EFFECT OF MAGNESIUM ON SILICA AT 600 DEG. F.
Solution in Bomb, p.p.m.
NaOH
280
353
190
51i
51
51i
51i
76
38
io52
101
127
Si02
52.0066
4.60
1.90
1.40
1.25
1.50
1.60
2.95
3.15
2.25
4.0066
P0 4
Trace
Trace
Trace
0.25
0.25
Trace
1.50
2.00
0.81
3.00
SiOs in
Steam
p.p.m.
0.29
0.19
0.16
0'.02
0.01
0.01
0.005
0.01
0.01
0.005
0.02
0.005
0.01
0.01
0.02
Chemical Added
Na 2 SiOa. 5HO20NaOH
MgS04.7H1120
NaOH
MgS0 4 . 7HO20
NaOH
MgSO4.7H20OMgS04.71120
NaH2PO4. H20
NaH2PO4. HzO
NaOH
NaH2P04. H20
NaOH
NaH2PO4. H20
NaOH
NaH2PO4. HO20
NaOH
NaH2P04. H20
NaOH
NaH2PO4 . H20
NaOH
NaHSPO4. H20
NaOH
NaH2PO4 . H 20NaOH
NaH2PO4. H 20
TABLE 21
EFFECT OF ZINC ON SILICA AT 600 DEG. F.
Solution in Bomb, p.p.m. SiO 2 in Amount
Steam Chemical Added in
NaOH SiO2 P04 NaCI p.p.m. Grams
NaOH 0.50
166 25.0 ... ... 0.21 Na2SiOs.5H 20 0.40
252 63.0 ... ... 0.38 Na2SiO. 5H1120 0.270305 77.5 ... ... 0.38 Na2 SiOs. 5H 20 0.150
202 27.5 ... 44 0.19 ZnCIh 0.084
127 19.5 10.0 89 0.13 ZnCl2 0.034
NaOH 0.080
202 12.2 8.5 133 0.09 ZnCls 0.034
176 9.4 5.0 178 0.05 ZnC12 0.034
114 5.7 3.0 200 0.04 ZnCl2 0.034
102 4.6 2.0 200 0.03 ...
... . ... .... NaOH 0.075
202 3.6 1.5 222 0.03 ZnCis 0.034
178 2.6 0.5 230 0.005 ZnC12 0.034
114 2.6 1.0 222 0.005 NaH2PO4. H 20 0.020
. . ... .... NaOH 0.040
140 5.6" 166 i57 0.03 NaH2PO4.HzO 0.040
89 3.6 1.0 202 0.03 ZnCis 0.084'
Amount Added
in Grams
0.500
0.400
2.460
0.250
1.230
60.250
2.460
1.230
0.020
0.020
0.140
0.020
0.140
0.020
0.150
0.020
0.150
0.020
0.140
0.020
0.055
0.020
0.025
0.020
0.065
0.020
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TABLE 22
EFFECT OF ZINC ON SILICA AT 600 DEG. F.
Solution in Bomb, p.p.m. SiO2 in Amount
Steam Chemical Added inAdded ramr,
NaOH SiO2 P0 4  NaCI P-.p.m. 
Grams
Neut. 1.85 Trace ... .... Dist. Water
160 82.50 ... ... .... Na2Si03.5HsO 0.450
160 80.00 .. .. . .
114 56.50 ... ... 0.45 ZnClI 0.034
89 40.00 ... ... 0.37 ZnCh 0.034
NaOH 0.075
114 30.00 .. 110 0.23 ZnCl2 0.034
102 19.50 .. 110 0.16 ZnCl2 0.034
89 12.20 ... ... 0.12 ZnCl2 0.034
NaOH 0.050
102 6.70 .. 224 0.06 ZnCl, 0.034
102 4.35 ... 224 0.03 ZnClI 0.034
...... NaOH 0.050
114 3.55 ... 245 0.02 ZnCls 0.034
102 2.25 ... 268 0.005 ZnCli 0.034
NaOH 0.020
89 4.75 7.0 222 0.04 NaH2P04. HsO 0.020
NaOH 0.050
102 6.25 17.5 ... 0.04 NaH2PO4.HsO 0.030
102 6.70 10.0 ... 0.05
... . NaOH 0.070
52 5.50 4.2 ... 0.05 ZnCi, 0.084
(1 in. I.D. x 1% in. O.D. x 111 in.)
1/16 in.) of alundum cement, and 25
wound on the cement for a length of
is covered with a layer (about
ft. of No. 14 chromel wire is
about 7% in. The current flow
through the heating wire is about 24 amps at 110 volts. The average
heat input at the tube is about 55,000 b.t.u. per sq. ft. per hr. A ther-
TABLE 23
EFFECT OF MANGANESE ON SILICA AT 600 DEG. F.
Solution in Bomb, p.p.m. SiOs in Amount
Steam Chemical Added in
NaOH SiOi P0 4  NaCl p.p.m. 
Grams
178 100.0 .... ... .... Na2SiOa.5H1O 0.450
102 72.0 .... ... 0.60 MnC1l.4H20 0.060
89 58.0 .... ... 0.52 MnCl. 4H,0 0.040
NaOH 0.060
157 38.0 . 8s9 0.35 MnCh. 4H1O 0.040
127 32.5 .... ... 0.28 MnCh. 4H20 0.040
76 24.5 .... ... 0.19 MnCh. 4H2O 0.040
NaOH 0.075
153 18.0 ... 155 0.13 MnCl. 4HsO 0.040
127 10.7 .... 280 0.09 MnCI. 4HiO 0.040
114 5.1 .... ... 0.04 MnCl2.4H1O 0.040
51 2.05 .... ... 0.01 MnCh. 4HiO 0.040
51 2.35 .... 180 0.005
NaOH 0.080
152 9.0 10.0 ... 005 NaH2PO4 . HiO 0.03084 2.75 0.5 ... 0.005 MnCI. 4HO 0.099
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mocouple well is inserted in one end of the tube to measure the water
temperature in the boiler. Thermocouple wires are connected to the
outside top and bottom middle of the tube, allowing measurement of
the top and bottom outside temperature of the tube. The steam leaves
the tube and passes through the vertical section of the boiler. By pass-
ing a current of air past a bare tube extending above the boiler, tem-
perature of the boiler is controlled. The air current is furnished by an
electric fan, and the condensed steam drops back into the boiler. Since
the only makeup required is that needed to replace samples removed,
the boiler may be run continuously with little supervision.
The procedure used in operation is to bolt the tube in place and fill
the boiler to the desired level with distilled water and the desired
chemicals. As the boiler starts steaming, the gases present are vented
out of the top tube through a small water-cooled condenser con-
nected to the top of the tube. When the boiler reaches the desired
temperature, a relay turns the cooling fan on and off as required, a
method of temperature control allowing a constant heat input at the
heating surface. A continuous record is kept of the steam tempera-
ture and of the top and bottom temperatures on the outside of the
heating tube. If the slope of the heating tube is correct, these two
temperatures are the same and remain the same unless scale forms.
If the slope of the tube is changed, the tube will become partially
steam bound and the top temperature will become higher than that at
the bottom. Tests reported here were all run without steam binding
and with these two temperatures identical.
Samples of boiler water were taken through a double-coil, water-
cooled condenser; the desired level was maintained by using level
indicators. Chemicals dissolved in distilled water were pumped into the
boiler.
Results of two tests in which sodium meta-silicate was added to
the boiler and zinc used to precipitate the silica are given in Table 24.
The zinc was added as zinc chloride and sufficient sodium hydroxide
was added to keep the boiler water alkaline. The boiler was run for
six days. The tube was removed and sectioned at the end of the test.
A thin white film was found on the tube in the heating area with the
exception of the top, which was almost free from deposit. This area
looked as though the steam flowing through it might have kept the
tube clean. Examination under the microscope revealed that the film,
which was soft and easily removed, was made up of a large number
of small needle-like crystals. X-ray analysis of this material showed
it to be 80 per cent Zn 2SiO4 (Willemite) and 20 per cent ZnO.
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TABLE 24
SILICA REDUCTION IN STEAMING BOILER WITH ZINC
Tests Run at 600 deg. F.
Test
No.
4
6
Material
Added
SiO2NaOH
Zn
NaOH
Zn
NaOH
Zn
Zn
SiOs
NaOH
Zn
Zn
Zn
Zn
NaOH
Zn
NaOH
Millimoles
Added
2.82
5.6
3.1
12.5
3.1
6.25
1.55
1.55
4.7
19.6
1.24
1.24
1.24
3.75
10.4
2.5
5.2
Boiler Water Analysis
Material
SiOs
NaOH
SiOs
NaOH
SiOs
NaOH
SiOs
NaOH
NaCl
SiO2
NaOH
NaCI
SiOs
NaOH
SiOs
NaOH
SiOs
NaOH
NaCI
SiOs
NaOH
NaCl
SiOs
NaOH
NaCI
SiOs
NaOH
NaCI
p.p.m.
205
256
71
475
18
475
5.2
305
888
2.6
122
730
125
645
90
620
31.5
464
344
13.0
268
455
4.3
364
920
4.2
364
1290
Millimoles
per Liter
3.4
6.4
1.18
11.8
0.3
11.8
0.09
7.6
15.2
0.04
3.05
12.5
2.1
16.1
1.5
15.5
0.53
11.6
5.9
0.21
6.7
7.8
0.07
9.1
15.7
0.07
9.1
22.0
Table 25 gives the results of a run made similarly to the tests
reported in Table 24, with the exception that magnesium was added in
place of zinc. Epsom salts was used as a source of magnesium. When
examined at the end of the test the tube was found to be coated with
a thin white film. This film also was soft, but there was no clear place
on the top of the tube. When examined under the microscope, this
deposit resembled a vitreous fused material full of small holes. X-ray
analysis showed it to consist mainly of Mg(OH) 2 and Mg 3Si02. 2H 20
(Serpentine).
A test was performed to study the effect of the presence of phos-
phate on the silica removal by magnesium (Table 26). Epsom salts
was used to remove the silica, which was added as sodium meta-
silicate, from the boiler. When the amount of silica was reduced to a
SiO 2Removed
Millimoles
per Liter
2.22
0.88
0.21
0.05
0.6
0.97
0.32
0.14
0.00
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SILICA REDUCTION
TABLE 25
IN STEAMING BOILER WITH MAGNESIUM
Tests Run at 600 deg. F.
Boiler Water Analysis
Material Millimoles B Water--------- Si02 Removed
Added Added Millimoles
Material p.p.m. Millimoles per LiteLiter
Si02 2.82 Si02 135 2.25
NaOH 5.6 NaOH 232 5.8
Mg 1.0 SiO2 51 0.85 1.40
NaOH 110 2.75
Mg 1.0 SiO2 38 0.63 0.22
NaOH 20.0 NaOH 890 22.2
Mg 4.0 SiOs 5.6 0.09 0.54
NaOH 538 13.4
Mg 4.0 SiO2 1.2 0.02 0.07
NaOH 2.5 NaOH 85 2.1
S04 1062 11.1
TABLE 26
SILICA REDUCTION IN STEAMING BOILER WITH MAGNESIUM
IN THE PRESENCE OF PHOSPHATE
Tests Run at 600 deg. F.
Boiler Water Analysis
Material Millimoles SiOs Removed
Added Added Millimoles
Material p.p.m. perMillimoles per Liter
SiOs 4.7 Si02 202 3.37
NaOH NaOH 378 9.45
NaOH 5.0 SiO2 110 1.84 1.53
Mg 1.0 NaOH 425 10.7
Mg 1.0 SiO2 44.5 0.74 1.10
NaOH 342 8.6
NaOH 5.0 SiO2 19 0.32 0.42
Mg 2.0 NaOH 384 9.6
NaOH 2.5 SiO2 4.7 0.08 0.24
Mg 3.0 NaOH 182 4.6
NaOH 7.8 Si02 1.9 .03 0.05
Mg 3.0 NaOH 220 5.5
NaOH 2.5 SiO2 1.8 .03 0.00
NaH2P04 0.30 NaOH 340 8.5
P0 4  9.5 0.11
NaH2PO4  0.23 SiOs 2.4 0.04 0.01NaOH 317 7.9
P0 4  4.5 0.06
NaH2PO 0.30 SiOs 1.5 0.02 0.02
NaOH 268 6.7
P04 6.0 0.063
NaH2PO4  1.82 Si02 2,0 0.03 0.01NaOH 2.5 NaOH 353 8.8
PO 4  12.0 0.12
S04 630 6.55
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TABLE 27
SILICA REDUCTION IN STEAMING BOILER WITH ZINC
IN THE PRESENCE OF PHOSPHATE
Tests Run at 600 deg. F.
Boiler Water Analysis
Materials Millimoles -Water A SiOs Removed
Added Added Millimoles
Material p.Millimoles per Liter
ateal p.p.m. per Liter
SiO2 4.70 SiO 2  135 2.25
NaOH 9.40 NaOH 270 6.76
NaOH 8.5 SiOs 33 0.55 1.70
Zn 5.0 NaOH 270 6.76
NaC1 630 10.8
NaOH 8.1 SiOs 9.5 0.16 0.39
Zn 5.0 NaOH 188 4.7
NaCl 1180 20.2
NaOH 2.5 SiOs 3.6 0.06 0.09
Zn 1.24 NaOH 170 4.25
P0 4  3.5 . 0.037
NaOH 3.7 SiOs 11.0 0.19 0.13
NaH2PO 4  0.60 NaOH 350 8.7
NaCI 1210 20.8
P04 27 0.28
SiOs 6.3 0.11 0.09
NaOH 226 5.7
NaCI 539 9.2
P04 8.5 0.09
desired minimum, phosphate was introduced as sodium acid phosphate
(NaH 2PO4 . H 20). The boiler water samples were fairly milky, con-
taining a suspension which had to be filtered before colorimetric
chemical analyses could be made. The resulting deposit formed was
a thin, soft, gray, talcum-appearing layer. The upper half of the tube
was fairly clean, apparently as the result of the steam flow.
Table 27 reports a test similar to that described in Table 26, with
the exception that zinc, as ZnCI2 , was used instead of magnesium for
silica removal. The boiler water samples at all times were fairly clear.
The resulting deposit, although lighter in appearance and rather thin,
was of a type similar to that described in the silica removal by zinc
alone. In general, it was removed with more difficulty than the deposit
formed by the addition of magnesium. The top of the tube was almost
clean. The material on the tube was found by X-ray analysis to be
100 per cent Willemite.
To study the behavior of silica removal by zinc in the presence of
magnesium, another test was run; results obtained are given in Table
28. The method used was to remove silica with magnesium until the
concentration was reduced to 20 to 30 p.p.m., and then introduce zinc.
During the course of the test, it was found that to facilitate silica
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TABLE 28
SILICA REDUCTION IN STEAMING BOILER WITH ZINC
IN THE PRESENCE OF MAGNESIUM
Tests Run at 600 deg. F.
Materials
Added
SiO2
NaOH
NaOH
Mg
Zn
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaOH
Zn
Millimoles
Added
9.1
14.2
2.5
2.0
2.5
10.0
5.0
10.0
2.5
2.5
2.5
3.75
2.5
Boiler Water Analysis
Material
SiO2
NaOH
SiO2
NaOH
SiOs
NaOH
SiO2
NaOH
NaCI
P04
SiOs
NaOH
P0 4
SiOs
NaOH
P0 4
SiO2
NaOH
PO4
p.p.m.
86
416
30.5
370
14.5
131
10.5
122
1020
9.5
15.5
368
22.3
10.0
268
21
6.55
212
15
Millimoles
per Liter
1.43
10.5
0.51
9.3
0.24
3.3
0.18
3.1
17.4
0.1
0.26
9.3
0.23
0.17
6.7
0.25
0.11
5.3
0.15
SiO2 Removed
Millimoles
per Liter
0.92
0.21
0.06
0.08
0.09
0.06
reduction with zinc to about 4 p.p.m., it was necessary to add as much
zinc in total as if no magnesium were added at all. The boiler water
samples were milky upon the addition of magnesium, but became clear
when zinc was added. The resulting deposit was a thin, grayish one
which was easily removed; it appeared to be composed of crystalline
needle-like structures and groupings of amorphous whitish powder. The
top of the tube was fairly clean.
Results of silica removal with zinc in the presence of phosphate
and magnesium are given in Table 29. The phosphate was introduced
after the silica was reduced partially by magnesium and then by zinc
to 3.9 p.p.m. The addition of phosphate did not materially increase
the amount of silica in solution, as in tests previously reported. The
resulting deposit, thin, grayish and semi-crystalline in appearance, was
composed of needle-like crystal formations and amorphous powder.
In many respects, it did not vary much from the deposit reported in
Table 28. The striking feature was that the upper portion of the tube
was rather uniformly covered. X-ray analysis of the material on the
tube showed it to be 75 per cent ZnO, 20 per cent Willemite, 5 per
cent Zn.
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TABLE 29
SILICA REDUCTION IN STEAMING BOILER WITH ZINC IN THE PRESENCE
OF PHOSPHATE AND MAGNESIUM
Tests Run at 600 deg. F.
Material
Added
SiO2
NaOH
Mg
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaOH
NaOH
NaH2PO 4
NaOH
NaH2PO4
Millimoles
Added
4.70.
9.40
3.0
2.5
2.5
5.0
2.5
10.0
2.5
2.5
2.5
2.5
1.25
0.15
1.25
0.29
Boiler Water Analysis
Material
SiOs
NaOH
P0 4
SiOs
NaOH
P0 4
SiO2
NaOH
SiOs
NaOH
NaCl
SiO2
NaOH
NaCl
P0 4
SiOs
NaOH
Si02
NaOH
P0 4
SiOs
NaOH
P0 4
SiO2
NaOH
NaCl
P0 4SO4
p.p.m.
250
405
10.0
43.5
122
3.0
10.7
25
11.9
280
623
7.0
256
1100
4.0
3.9
122
3.0
158
1.0
5.0
158
14.0
3.0
170
868
7.0
208
Millimoles
per Liter
4.17
10.1
0.12
0.73
3.1
0.03
0.18
0.63
0.2
4.5
10.6
0.12
6.4
18.9
0.05
0.07
3.1
0.05
4.0
0.01
0.08
4.0
0.17
0.05
4.2
14.7
0.07
3.46
M ;ii
SiOs Removed
per Liter
3.44
0.55
0.02
0.08
0.05
0.02
0.03
0.03
The shutdown procedure followed in the test reported in Table 29
was to remove the electrical heat and allow the pressure to go down
to about 500 lb. per sq. in. The boiler was then blown and disas-
sembled. Since this procedure was considered unsatisfactory, it was
modified by removing the electrical heat and allowing the boiler to
cool overnight. The revised procedure compared favorably with boiler
practice.
A test was then conducted showing the effect of the addition of
magnesium in the presence of phosphate and calcium salts for silica
removal. Results are summarized in Table 30. Calcium sulfate
(CaSO,4 . 2H 20), iceland spar (CaCO 3), sodium meta-silicate, sodium
hydroxide, and sodium acid phosphate were added. The silica then was
reduced with magnesium as Epsom salts. The sample at all times was
very milky. The resulting deposit was a thin, light gray, talcum-like
SiO, Removed
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TABLE 30
SILICA REDUCTION IN STEAMING BOILER WITH MAGNESIUM IN THE PRESENCE
OF PHOSPHATE AND CALCIUM
Tests Run at 600 deg. F.
Chemical
Added
CaSO4
CaCOs
NaHsPO4
Na2SiO3
NaOH
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
NaHsPO4
Millimoles
Added
18.8
6.3
16.6
9.44
25.00
3.75
3.0
5.0
3.0
5.0
3.0
5.0
3.0
4.0
3.0
3.75
3.0
3.75
3.0
1,25
0.29
Boiler Water Analysis
Material
SiOs
NaOH
P0 4
SiOs
NaOH
P04
SiO2
NaOH
NaCl
P0 4
Si02
NaOH
P0 4
SiOs
NaOH
PO4
SiO2
NaOH
PO4
Si02
NaOH
P04
Si02
NaOH
P0 4
Si02
NaOH
P0 4S04
p.p.m.
380
364
300
180
256
220
66.5
243
22
120
32.5
268
17.3
19.0
288
54
9.2
292
14
6.75
281
11.5
2.55
232
2.0
3.5
293
7.5
3395
Millimoles
per Liter
6.32
9.1
3.16
3.0
6.4
2.32
1.1
6.1
0.37
1.26
0.54
6.7
0.75
0.32
7.2
0.57
0.15
7.3
0.15
0.11
7.0
0.12
0.04
5.8
0.01
0.05
7.3
0.08
35.3
layer, which was very easily removed. A small portion of the upper
tube was clean. X-ray analysis of this material showed it to be 75
per cent Serpentine, 20 per cent Hydroxyapatite, and 5 per cent Si0 2.
Table 31 reports a test similar to that covered by Table 30, with
the exception that the silica was removed by zinc in the presence of
magnesium. The deposit was a harder, though easily removed, white
layer. It was crystalline in nature, with the appearance of a rather
uniform layer of salt, and was rather uniformly distributed although
the upper portion did appear a bit thinner. X-ray analysis of this
material showed it to be 100 per cent ZnO.
A test utilizing a higher heat rate input to the heating tube was
improved. Eighteen feet of No. 14 chromel wire was used to carry
Silica
Removed
Millimoles
per Liter
3.32
1.9
0.56
0.22
0.17
0.04
0.07
0.01
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TABLE 31
SILICA REDUCTION IN STEAMING BOILER WITH ZINC IN THE PRESENCE
OF CALCIUM, MAGNESIUM, AND PHOSPHATE
Tests Run at 600 deg. F.
Material
Added
CaS04
CaCO3
NaH2PO 4NasSiOs
NaOH
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaOH
Zn
NaH2PO4
Millimoles
Added
18.8
6.3
16.6
9.44
25.0
2.5
3.0
2.5
3.0
5.0
3.0
5.0
3.0
6.25
3.0
7.5
2.5
5.0
2.5
5.0
2.5
5.0
2.5
5.0
2.5
0.014
Boiler Water Analysis
Material
Si02
NaOH
PO4
NaOH
NaOH
Si02
NaOH
P0 4
Si02
NaOH
P04
SiOz
NaOH
PO 4
SiOs
NaOH
P0 4
SiOs
NaOH
NaC1
P0 4
SiOs
NaOH
P0 4
Si02
NaOH
P0 4
Si02
NaOH
P0 4
Si02
NaOH
NaC1
P04
S0 4
p.p.m.
600
415
590
363
244
118
244
235
70
212
125
13.5
244
22.5
12.2
317
18.5
12.3
292
664
22.5
6.2
280
21.0
5.5
244
14.8
5.4
232
16.0
4.1
208
1435
14.0
2009
Millimoles
per Liter
10.0
10.3
6.2
9.05
6.08
1.97
6.08
2.47
1.17
5.3
1.31
0.23
6.08
0.24
0.20
7.7
0.20
0.20
7.3
11.3
0.24
0.10
7.0
0.22
0.09
6.1
0.15
0.09
5.8
0.17
0.07
5.2
24.5
0.15
21.8
SiOs Removed
Millimoles
per Liter
about 32 amperes at 110 volts to the heating tube. The resulting heat
input was about 73,000 b.t.u. per hr. per sq. ft. Table 32 gives the
results of this test. The silica reduced with magnesium was added as
sodium meta-silicate. The deposit was a very thin, gray, talcum-like
layer. The upper portion was rather clean of this deposit but gave
indication of metal attack in the free portion. Crystals resembling
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TABLE 32
SILICA REDUCTION IN STEAMING BOILER WITH MAGNESIUM
IN THE PRESENCE OF PHOSPHATE
Tests Run at 600 deg. F.
Boiler Water Analysis
Material Millimoles SiOs Removed
Added Added Millimoles
Material p.p.m. Millimoles per Liter
SiOs 12.5 Si0 2  16.5 0.28NaOH 25.0 NaOH 134 3.3
Mg 1.0 Si02 14.0 0.23 0.05
NaOH 5.0 NaOH 256 6.4
P0 4  7.5 0.08
Mg 2.0 Si0s 8.5 0.14 0.09
NaOH 5.0 NaOH 330 8.25
Mg 2.0 SiOs 2.9 0.03 0.11
NaOH 2.5 NaOH 195 4.9
P0 4  2.5 0.03
P0 4  0.42 SiOs 4.8 0.08 0.05NaOH 1.0 NaOH 330 8.3
PO 4  8.0 0.08
magnetic oxide of iron were found on the top of the tube, and some
pitting was observed. These results may be partially attributed to an
initial attack prior to the addition of magnesium and after the addition
of silica. At this time, temperatures greater than 700 deg. were re-
corded by the thermocouple at the top of the tube. After a period the
temperature stabilized, approaching that of the previous runs. It
remained, however, about 30 deg. higher than during the normal
heat input.
Conditions for the tests covered in Table 32 were considered most
unfavorable. Since steaming in a horizontal tube is definitely unde-
sirable, the apparatus was reconstructed in such a manner as to have
the steaming take place in a vertically located tube, a condition more
nearly approximating the type of circulation in boilers.
The boiler shown in Fig. 26 was partially reconstructed. The change
consisted primarily in providing connections so the attached heating
tube was in a vertical position. To insure proper circulation and to pre-
vent any accumulation of sludge at the bottom of the vertical tube, a
stainless steel tube, %/4 in. O.D. x 20 gage, was inserted in the heating
tube. The length of the tube inserted was 11% in.; it was centered
within the heating tube by means of small brazed lugs at its circum-
ference. Notches were cut at the bottom of the stainless steel tube to
insure sweeping away of any sludge material. The annular distance
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between the inside of the heating tube and the stainless steel tube
was % in.
The operation of the boiler was the same as when the tube was in
a horizontal position. The first test performed was to remove silica by
magnesium in the presence of phosphate. The sample from the boiler
was very milky and contained suspended material. Circulation as indi-
cated by the temperatures was uniform. The heating tube, after a run
of six days, was found to be fairly clean; the deposit was a very thin,
soft, talcum-like layer, grayish in color, which was very easily re-
moved. The tube was uniformly covered by this layer, indicating uni-
form circulation. Data on this test are summarized in Table 33.
Table 34 gives the results of a run similar to that of Table 33 with
the exception that zinc was used as the precipitating agent. Samples
were in general much clearer and contained less suspended solids than
those from the run with magnesium. At the conclusion of the run, the
heating tube was disassembled and examined. On the circumference
of the stainless steel tube was a deposit very similar in nature to that
on the inside of the heating tube. Amorphous powder-like groupings
were adhering to the tube, forming a deposit which was uniformly
thin and easily removed. The character of this deposit indicated a
mixed grouping of amorphous powder and crystalline layer or salt.
These results indicate that silica may be precipitated as a sludge
by means of different chemicals. The reduction of the soluble silica
TABLE 33
SILICA REDUCTION IN STEAMING BOILER WITH MAGNESIUM
IN THE PRESENCE OF PHOSPHATE
Tests Run at 600 deg. F.
Material
Added
SiO 2NaOH
Mg
NaOH
Mg
NaOH
Mg
NaOH
P0 4NaOH
Millimoles
Added
12.5
25.0
2.0
3.8
2.0
2.5
2.0
3.8
0.28
1.25
Boiler Water Analysis
Material
SiO2
NaOH
P0 4
SiO,
NaOH
SiO,
NaOH
PO4
SiOz
NaOH
P0 4
SiO2NaOH
PO4
p.p.m.
95
366
112
57.5
366
10.2
268
33
3.2
256
2.5
1.4
206
8.0
Millimoles
per Liter
1.68
9.18
1.18
0.96
9.18
0.17
6.53
0.35
0.05
6.43
0.26
0.02
5.16
0.08
SiO2 Removed
Millimoles
per Liter
0.72
0.79
0.12
0.03
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TABLE 34
SILICA REDUCTION IN STEAMING BOILER WITH ZINC
IN THE PRESENCE OF PHOSPHATE
Tests Run at 600 deg. F.
Boiler Water Analysis
Material Millimoles B Water Analysis Si02 Removed
Added Added Millimoles
Material p.p.m. Millimoles per Literper Liter
SiOs 12.5 SiO2 100 1.67
NaOH 25.0 NaOH 147 3.67
Zn 2.5 SiO 47 0.78 0.89
NaOH 7.5 NaOH 293 7.32
NaCl 378 6.44
PO4 30 0.32
Zn 2.5 SiO2 19 0.32 0.46
NaOH 5.0 NaOH 304 7.59
Zn 2.5 SiOs 8.0 0.13 0.19
NaOH 3.8 NaOH 256 6.4
NaCi 1200 20.6
Zn 2.5 SiOs 3.9 0.07 0.06
NaOH 5.0 NaOH 220 5.5
P04 3.5 0.04
P0 4  0.42 Si02 4.5 0.08 0.01NaOH 1.25 NaOH 280 7.0
NaCI 1630 27.9
PO4 17.5 0.18
reduced the silica in the steam. Some of these chemicals appear to
have no tendency to cause scale formation on the heating surface;
however, their use in boiler operation should be started only under
very close control and after consideration has been given to the pos-
sible effect of increased sludge in the boiler.
25. Reduction of Silica in the Steam.-The work reported so far
has been concerned mainly with the reduction of the silica in the
boiler water, which has in turn resulted in a reduction in the amount
of silica in the steam. Under many conditions of operation, it may not
be desirable to precipitate the silica in the boiler and it may not be
practical to remove it from the feed water. Thus in boilers having a
large percentage of makeup, it is necessary to use treated water for
makeup. It is difficult to reduce the silica in treated waters consist-
ently to amounts less than 2 p.p.m. With a high percentage of makeup,
such a water would cause rather high silica concentrations in the
boiler water, which in turn would give a steam containing silica in
amounts sufficient to cause blade deposits.
The ordinary mechanical separation of the boiler water from the
steam has no effect on the silica in the steam. However, if the steam,
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after it has left the boiler water, could be brought in contact with a
water low in silica, the silica in the steam would be reduced. Thus
steam scrubbing with a low silica water should reduce the silica in
the steam, since the silica vapor in the steam will correspond to the
vapor pressure of the silica over the liquid in contact with the steam.
Using a water of a very low silica content for scrubbing and a proper
time of contact, it should be possible to reduce the silica in the steam
to a very low value. At the same time, such a treatment should also
reduce the mechanically entrained solids and give a steam which
should not form any type of deposits in the turbine.
VIII. SUMMARY
26. Cause of Blade Deposits.-The water-soluble deposits found
in the turbine are in general the result of mechanically entrained
boiler water carried in the steam. At steam pressures below 2400 lb.
per sq. in., the salts present in the boiler water are not appreciably
soluble in saturated steam; consequently, the salts present in the
steam leave the boiler as the result of mechanical entrainment. When
the steam containing the small amount of solids present in the boiler
water enters the superheater, a condition is reached where some of the
salts become appreciably soluble in the superheated steam, even at
pressures as low as 600 lb. per sq. in. and a temperature of 700 deg.
F. However, at 600 lb. per sq. in. and 700 deg. F. this solubility is
very low. Although sodium chloride and hydroxide are soluble in the
steam under these conditions, sodium sulfate shows almost negligible
solubility over the whole pressure-temperature range. Sodium hy-
droxide is more soluble than sodium chloride. A steam containing
mechanically entrained boiler water will dissolve sodium hydroxide
and sodium chloride as they pass through the superheater. However,
sodium sulfate will not dissolve and will undoubtedly deposit in the
superheater or pass through the superheater as a dry salt or powder.
It is possible that some of the sulfate might be soluble in the hydroxide
and pass through the superheater in solution.
As the temperature and pressure of the steam are reduced as it
passes through the turbine, the least soluble salt separates out first.
Thus the order of precipitation of the salts would be Na2S04, NaC1,
and NaOH. In many instances, where carry-over of boiler water to
the superheater has been high, deposits found in the superheater have
been almost pure sodium sulfate, even though the boiler waters also
contained sodium chloride and hydroxide. This indicates that the
ILLINOIS ENGINEERING EXPERIMENT STATION
insoluble sodium sulfate has formed in the superheaters when the
boiler water was evaporated in the superheater. However, the sodium
hydroxide and chloride, being soluble in the steam, have been carried
through the superheater. As the temperature and pressure decrease
in the turbine, the hydroxide separates out as a concentrated solution
of hydroxide and not as a dry salt; it is in a pasty condition, readily
adhering to the blades of the turbine. Other salts present, such as
sodium silicates, chlorides, and sulfates, being mixed with the pasty
hydroxide, also adhere to the blades. If a sufficient amount of sulfate
is present, it undoubtedly coats the hydroxide with its dry powder and
prevents it from adhering to the blades. The water-soluble deposits
should in general form in the higher pressure end of the turbine, though
not necessarily in the first few stages. Since they are the result of the
deposition of salts originally soluble in the boiler water, they should
in turn be soluble in water.
The insoluble type of deposit is usually found at the lower pres-
sure end of the high-pressure unit or the upper end of the low-pressure
unit. This type of deposit, which consists mainly of silica in its vari-
ous crystalline forms, undoubtedly results from the crystallization of
the silicic acid from its vapor in the superheated steam. At the higher
steam pressures, the silicic acid is vaporized, leaving the boiler as a
vapor and not as the result of mechanical entrainment. As it passes
through the superheater and the high-pressure end of the turbine, it
remains in the vapor form. However, when the pressure and tempera-
tures become lower, a point is reached where the concentration in the
steam is greater than that corresponding to the vapor pressure of
silicic acid at that temperature and pressure, and at that point the
silicic acid leaves the steam and forms solid hydrated silica. The place
of deposition and amount of deposit depend on the silica concentration
in the steam, which in turn depends on the concentration of silica in
the boiler water, the pH value of the boiler water and the steam pres-
sure. Since the precipitation of the silica is not instantaneous and the
velocities are high, only a small amount of the silica is precipitated on
the blades.
It is possible that salts such as chloride and sulfate, being present
in the steam as a finely divided powder, could act as nuclei on which
the silica could crystallize in preference to the turbine blade. Under
such conditions, the deposits on the blades might be reduced. However,
plant data to substantiate this assumption are not available, since
most high-pressure boilers usually have the sulfate and chloride con-
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tent of the boiler water relatively low in order to reduce carry-over to
a minimum.
When silica deposits on the blades, it is in a form which is not
readily soluble in water; consequently it is not easily removed by
water washing.
27. Prevention of Blade Deposits.-Since the soluble type of blade
deposits are the result of mechanically entrained boiler water, it is
advisable to reduce the amount of carry-over to a minimum. The re-
duction of soluble solids in the boiler water also aids in preventing
turbine blade deposits. It is also possible to balance the amounts of
the different salts in the boiler water so as to reduce the tendency of
the carry-over to adhere to the turbine blades.
If steam pressures become greater than 2400 lb. per sq. in., the
boiler water salts such as sodium hydroxide and chloride become
appreciably soluble in the steam. Under this condition of operation,
mechanical purification will not reduce the salts dissolved in the steam.
Reduction of the concentration of the salts in the boiler water will
reduce their concentration in the steam. It is also possible to remove
the salts from the steam by scrubbing the steam with a pure water.
Since the insoluble silica deposits are the result of silicic acid
being vaporized from the boiler water, mechanical purification will not
reduce the vaporized silica content of the steam. Reduction of the
silica content of the boiler water will reduce the silica in the steam.
Thus it would be advisable to reduce the silica content of the boiler
water to a minimum, which may be accomplished by preventing the
silica from entering the boiler or by precipitating it as an insoluble
sludge within the boiler. The former method is to be preferred to the
latter, since it does not cause additional sludge formation in the
boiler. It is also possible to reduce the silica content of the steam by
means of scrubbing the steam with a pure water.
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eutectic of NaC1 and NasS0 4 being 6230. Other examples are given.
Wesley and Geisler, "Experiences in Feeding High Pressure Boilers
with Chemically Treated Water," Chem. Fabrik, pp. 197-203, 1932.
The raw water for the 100-atm. pressure boilers of the I.G. plant at Ludwig-
shafen is given the following treatment. . . . The steam contains about 3 mg.
salts/kg. The turbines foul with soluble salts if the boiler water contains 100
mg/1 NaOH or over and the blade operating at about 2500 fouls with almost
pure SiO2-the cause and prevention of which have not been determined (June,
1936). Four references - 16 cuts.
BUL. 364. STEAM TURBINE BLADE DEPOSITS
"Treating Feed Water for Steam Turbines," I. G. Farben-industrie,
A.-G. Brit., 464, 403, April 12, 1937.
To prevent incrustation on the blades of turbines driven by steam produced
therefrom, H20 is treated so that constituents of the residue remaining on evapo-
ration are such that the whole or the major part of the residue solidifies outside
the working temperature range of the turbine. The H11O may be treated, e.g., by
the addition of an alkaline hydroxide, so that the residue solidifies below the
lowest working temperature of the turbine, or alternatively so that the residue is
solid at the highest working temperature. Thus H20 containing no carbonates and
NaOH is treated with acids or acid salts-H2SO4, NaHS0 4. If an alkaline-reacting
residue is desired, HaB0 3, H3PO, NaHIPO4, NaHPO4, or PCls may be used. Acids
that bind 0, e.g., HSO,, HaPO,, or acids or salts that diminish corrosion by their
passivation effect, e.g., H2CrOT, may be used.
Splittberger, A., "The Behavior of Boiler Water Salts in Superheaters
and Turbines-Results of Recent Investigation," Vom Wasser,
Vol. 12, pp. 366-380, 1937.
A review with 16 references covering both reports of salt deposition on tur-
bine blades in plant operation and theoretical papers on the subject.
Schuh, W., "The Occurrence of Excess Salts in Turbines of the Power
Plant of Finkenheerd," Elektrizitatswirtschaft, Vol. 36, pp. 669,
1937. Dept. Sci. Ind. Research, Water Pollution Research, Sum-
mary of Current Literature 11, No. 5,154.
To prevent the presence of excess salts in steam turbines, the water should
be separated as much as possible from the steam, dissolved gases removed from
the water, the soda No. should be reduced to 10 in the presence of 5 mg. of
NasP0 4, the ratio of NaOH or Na2CO. to the other salts should be reduced, and
the steam should be washed with feed water or condensate.
Wesley, "New Experiences in Feeding High Pressure Boilers with
Chemically Treated Water," Chem. Fabrik, pp. 137-42, 1939.
A detailed description, with analytical data, of the treatment of water for
boilers working at about 1700 lb. in the Ludwigshafen plant of the I. G. Farben-
industrie. The successive steps are treatment with milk of lime, a NaOH solution
of Na3P0 4, filtering and treatment with SO s. A flow sheet is shown. The quality
of the steam and the reduced incrustation of turbine blades, largely due to
removal of SiO2, are discussed.
Goerke, H., "Salt and Silica Deposits in Steam Turbines," Elektrizitat-
swirtschaft, Vol. 38, pp. 614-16, 1939.
Salt deposits on turbine blades occur at both high and low steam pressures,
although they usually form rather slowly at pressures below 40 atm. and are re-
moved in periodic overhauling. At higher pressures, they grow more rapidly, and
it may be necessary, even with careful operation, to remove deposits after as short
a period as 100 hr. Up to 40 atm. the composition of the deposits varies widely,
but includes hardness formers, soluble boiler salts and rust. At higher pressures
the soluble compounds include NaCl as the most important, followed by NaOH,
Na silicate, Na2CO, and sometimes Na2SO4. Insoluble compounds include silicic
acid and, less frequently, CaCOM. In the deposition of the various blade series, the
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more soluble salts deposit out at the higher temperatures. Na2SO 4 separates out
first, followed by NaOH and Na2CO, and finally by NaCI and Na silicate. Free
silica and silicic acid generally separate out at 180-280° (sometimes at higher
temperatures).
NaOH in the boiler water, which is responsible for the larger part of the salt
deposits, should not be higher than 10 to 25 mg. per 1. Salt deposition almost
always occurs with concentrations above 100 mg. per 1., and for silica the limit
appears to be below 5 to 10 mg. SiO 2 per 1.
Data are given for 10 turbines operating at steam pressures of 68 to 130 atm.,
relative to feed water treatment, salt content of steam and boiler water, type of
deposit, and time in service before 10 per cent loss in output occurred. With
chemically treated water, salt deposits occurred only at 68 atm., and silica deposits
at all higher pressures. With boilers operating on condensate, a salt scale only
appeared on one turbine operating at 125 atm. Analyses of the deposits showed
that the content of free silicic acid increased and that of Na silicate decreased
with increasing steam temperature. Heavy salt deposits can be removed by intro-
ducing saturated steam into the cold turbine, or by using water sprays nearly to
saturate the steam, the turbine operating at low loads. Silica deposits are removed
by introducing 10 to 11 per cent NaOH solution and low-pressure steam into the
turbine at an initial (turbine) temperature of about 2200, and turning the turbine
over by hand at intervals.
Kaiseling, F., "Silica Deposits in Steam Turbines," Arch. Warme-
wirt, Vol. 20, pp. 89-91, 1939.
Silica is removed from cold boiler feed water by the addition of equal mols
of NaAlO2 and MgCl3 and settling. The sludge may be recycled.
"Power Station Chemistry," Pub. No. H-11, p. 14, Edison Electric In-
stitute, July, 1941.
Werner, Max, and Tietz, Hans, "Steam Turbine Operation," (To I. G.
Farbenind A.-G.)-U.S. 2,204,522, June 11, 1940.
In a turbine-boiler plant, a method of minimizing deposits of solids carried
over in the steam generated from water containing salts, involves treating the
boiler water with substances such as H 2P04, H 2SO, or N2SO3, which interact with
substantially all the alkaline compounds present in the water to form neutral
compounds which have a crystallizing range outside the temperature range
150-500°.
Buckland, B. 0., "How to Remove Turbine Deposits," Power Plant
Eng., Vol. 46, No. 4, pp. 78-80, 1942.
Three kinds of blade deposits are described as to appearance, location, and
physical characteristics. The presence of these deposits increases shell pressure
and decreases efficiency and capacity. According to the character of the deposit,
it can be removed by water solution, blasting with fly-ash and compressed air,
or action of buffered acid. Prevention is more valuable than removal. Rate of
temperature change is important.
Schwartz, M. C., "Critical Problems in the Boiler Feedwater Field,"
Jour. Amer. Water Works Assoc., Vol. 34, pp. 1214-26, 1942.
While many types of operating problems are listed, this article considers
chiefly carry-over, turbine blade deposits and silica removal. The first two are
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related to the solution of boiler water salts in steam. With silica removal, the
methods vary for cold and hot process softening. Ferric and magnesium com-
pounds are most widely used. In some cases a dolomite lime is sufficient. The
factors that make for maximum efficiency with both types are given. Bibliography.
Walker, V., "Carry-over from High Pressure Boilers," Elec. Times,
Vol. 101, pp. 946-8, 1942.
Methods of preventing carry-over are discussed, viz., lowering of HsO level,
improved design of baffling, use of steam purifiers and scrubbers, control of con-
centration of dissolved and suspended solids, and introduction of inhibitors. The
prevention of deposition of salts on turbine blades by Na2S04 is critically dis-
cussed. SiO, deposits can be prevented by maintaining a Si02 concentration of
less than 2 per cent of the total solids concentration, and by maintaining the ex-
haust temperature at not less than about 1400. The measurement of steam purity
by calorimetric, chemical and electric conductivity methods is briefly discussed.
Long, F. H., "Conditioning Water for Steam Production," Jour. Amer.
Water Works Assoc., Vol. 36, pp. 303-10, 1944.
Experiences at four different stations operating high-pressure boilers are de-
scribed. Scale prevention and O0removal, embrittlement and corrosion control
are among the problems solved. Phosphates, Fe(OH)2 and sodium sulfate are
among the chemicals used. High steam purity is obtained and turbine blade
deposits are prevented.
APPENDIX B
LABORATORY PREPARATION OF PURE DISTILLED WATER
1. Distilled Water Starting with Condensed Steam.-In order to
obtain a very pure, gas-free water to be used for feed water to the
laboratory boilers, it was deemed advisable to distill the water. Two
types of water were available for make-up to the still, one being con-
densed steam and the other tap water. In order to keep the solids in
the distilled water at a minimum value, condensed steam was used as
make-up to the still. The condensed steam contained about 2 to 3
p.p.m. of nitrogen as NH3, which would distill with the steam from
the still unless precautions were taken to prevent it. Figure 27 shows
a diagram of the apparatus used to convert the steam into gas-free,
pure, distilled water. Steam at a constant pressure (5 lb. per sq. in.
gage) passed through an orifice allowing a flow of about 110 to 120
lb. per hr. The steam was passed up through condensed steam in a
storage chamber below a vent condenser, was condensed in the vent
condenser and dropped into the storage chamber below. Diluted sul-
furic acid was added to the storage chamber by means of a constant-
level bottle and controlled by an orifice.
The water passed from the storage chamber through an orifice to
a gas-fired still (77 lb. per hr.). The remainder of the condensed steam
FIG. 27. DIAGRAM OF PREPARATION OF BOILER FEED WATER
FROM CONDENSED STEAM
BUL. 364. STEAM TURBINE BLADE DEPOSITS
went to waste through a constant level overflow regulating the level in
the storage chamber. The still delivered 27 lb. per hr. of steam, and
50 lb. per hr. passed through a constant-level overflow on the still.
This high rate of overflow prevented concentration of acid or salts in
the still. The acid concentration was adjusted so that the pH value
of the overflow from the still was around 3.5 at 77 deg. F. The vapor
pressure of ammonia over a solution of pH 3.5 is so low that no
measurable amount of ammonia can be detected in the distilled water.
The distilled water leaving the still could contain dissolved gases
such as CO2, 02, and N2. In order to remove these gases, about 18 lb.
per hr. was passed through a deaerator. The remainder of the distilled
water was stored and used for regular laboratory distilled water. The
water to be degassed passed through an electrically heated preheater
which increased the temperature to about 180 deg. F. The hot distilled
water then passed over a series of perforated stainless steel plates in
a stainless steel column and dropped into a small water storage com-
partment. The water in this storage compartment was heated by gas
to the boiling point, thus passing steam up through the column to a
vent condenser above the column, which removed the dissolved gases.
The water flowed from the storage chamber through a cooling coil to
the suction of the boiler feed pump without being exposed to the air.
A constant-level overflow allowed the water in excess of that being
fed to the boiler to pass through a conductivity cell to storage for
laboratory use, where exposure to air was not detrimental. The con-
ductivity cell gave a means of checking the quality of the feed water
at all times.
When this apparatus was in use, the distilled and degassed water
had a specific conductance between 0.18 and 0.25 micromhos and a
pH value of 6.8 to 7.2 at 77 deg. F. before it was exposed to the air.
All tests for NH, gave zero values when tested according to the
A.P.H.A. method.12
2. Distilled Water Starting with Well Water.-After the condensed
steam had been used for a long period as a source of make-up to the
still, conditions arose which made it necessary to stop using steam-
the presence of oil in the steam at irregular intervals and the difficulty
of obtaining a constant supply of steam at all times. The only steam
supply in the laboratory was the low-pressure heating steam, and since
the laboratory was at the end of the heating line, the pressure often
2 Standard Methods for the Examination of Water and Sewage, American Public Health
Association, 8th Ed., p. 44, 1936.
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FIG. 28. DIAGRAM OF PREPARATION OF BOILER FEED
WATER FROM TAP WATER
became too low. The only water available was tap water from wells,
containing about 5 p.p.m. of NHs. Figure 28 shows a diagram of the
apparatus used to convert the water into gas-free, pure, distilled water.
In order to prevent the distillation of the ammonia with the dis-
tilled water, it was necessary to distill from an acid solution. Since
the still was made of copper it was thought advisable to remove most
of the carbon dioxide and oxygen from the water prior to feeding it
to the still. A constant feed of tap water was mixed with a constant
feed of dilute sulfuric acid, and air bubbled through the mixture to aid
in mixing and to remove part of the liberated carbon dioxide. The pH
values of the acidified tap water, after bubbling air through it, was
kept between 3.2 and 3.5. The acidified water was then fed to the
bottom of a vertical stainless steel tube (% in. O.D. x 20 gage x 6 ft.),
which was heated by means of electrical resistance wiring wound
around its lower 4 ft. Enough heat was introduced into the tube to
boil the water, which caused the water and steam mixture to flow
up and out the top of the tube. A glass tube 2 in. O.D. x 5 ft. long was
fitted over the top of the stainless steel tube with the top open. The hot
water flowed from a drain in the bottom of the glass tube to a stain-
less steel can, in which water was kept boiling by means of gas heat.
Part of the free carbon dioxide and oxygen in the acidified tap water
was released in the glass tube when the steam-water mixture separated.
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The rest was boiled out in the can. The hot water was then fed directly
to the still from the bottom of the can. A constant-level overflow on
the still kept the acid solution from concentrating in the still. The
steaming rate of the still was about 18 lb. per hr. The distillate from
the still was deaerated and degassed in the same manner as the dis-
tillate from condensed steam (Appendix B, Section 1).
When this apparatus was in use, the distilled and degassed water,
before being exposed to air, had a specific conductance of between 0.30
and 0.45 micromhos and a pH value of 6.8 to 7.2 at 77 deg. F. All tests
for NH3 gave zero values. The slight increase in conductance over
that of the pure water prepared from condensed steam did not affect
the conductance of the steam from the boiler using this water. Un-
doubtedly, the increased conductance was due to a small amount of
carry-over from the still and not the effect of unremoved gases.
APPENDIX C
METHODS OF ANALYSES
1. Determination of Silica.-A colorimetric method was used to
determine the silica present in small amounts. The method was de-
veloped so that phosphate would not interfere with the silica determi-
nation. The reagents used are as follows:
(1) Hydrochloric acid solution, 1 volume of concentrated acid to
1 volume of distilled water, 1 to 1.
(2) Ammonium molybdate solution, 10.0 grams of ammonium
molybdate tetrahydrate per 100 ml. of distilled water.
(3) Oxalic acid reagent, 10.0 grams of oxalic acid dihydrate per
100 ml. of distilled water.
(4) Amino acid reagent; 30 grams of sodium bisulfite and 1 gram
of sodium sulfite are dissolved in 200 ml. of distilled water and 0.5
gram of 1-amino-2-naphthol-4-sulfonic acid added. The solution is
heated slowly until the amino acid dissolves. Care is taken not to heat
the solution above 125 deg. F.
The test procedure is as follows:
Add and mix 1 ml. of hydrochloric acid solution and 2 ml. of am-
monium molybdate solution in rapid succession to 50 ml. of distilled
water. The same amounts of these two reagents are then added to 50
ml. of the clear solution to be tested. After 5 min., 1.5 ml. of oxalic
acid is added to both solutions, and after mixing, 2 ml. of amino acid
solution are added to both solutions. The color intensity of the solution
to be tested is then determined at a wave length of 700 millimicrons
after 1 min., using the distilled water sample as a blank for setting
at 100 per cent transmittance.
The standard silica solution used for preparation of the standardi-
zation curves may be prepared from pure sodium metasilicate penta-
hydrate crystals. (Pure crystals were furnished for this work by the
Philadelphia Quartz Company, Philadelphia, Pa.) If desirable, the
standard solutions may be prepared by fusing sodium carbonate with
pure dry silica and then dissolving in distilled water. The fusion should
be made in a platinum crucible. The sodium silicate solution should
be stored in a hard-rubber bottle.
For additional information on silica determination, see the fol-
lowing:
"Photometric Determination of Silica in the Presence of Phos-
phate," M. C. Schwartz, Ind. and Eng. Chem., Anal. Edit., Vol. 14,
p. 893, 1942.
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"Determination of Soluble Silica in Very Low Concentrations,"
W. E. Bunting, Ind. and Eng. Chem., Anal. Edit., Vol. 16, p. 612, 1944.
"Photometric Determination of Silica in Condensed Steam in
Presence of Phosphates," F. G. Straub, H. A. Grabowski, Ind. and
Eng. Chem., Anal. Edit., Vol. 16, p. 574, 1944.
2. Determination of Phosphate.-Phosphate in dilute solutions was
determined by means of a colorimetric method. The reagents used are
as follows:
(1) Sulfuric acid, 10 N. Add 450 ml. of concentrated sulfuric acid
(Sp. Gr. 1.84) to 1300 ml. of distilled water.
(2) Standard phosphate solution. Dissolve in distilled water 0.716
grams of C.P. dried mono-potassium phosphate (KH2 PO4 ) and dilute
to 1 liter. Ten ml. of this solution is diluted to 1 liter with distilled
water. One ml. of this solution contains 0.005 mg. of PO,.
(3) Molybdate solution. Dissolve 5 grams of ammonium molyb-
date tetrahydrate in 100 ml. of distilled water and add 100 ml. of the
10 N. sulfuric acid solution to it.
(4) Amino acid solution. 30 grams of sodium bisulfite and 1 gram
of sodium sulfite are dissolved in 200 ml. of distilled water and 0.5
grams of 1-amino-2-naphthol-4-sulfonic acid added. The solution is
then heated slowly until the amino acid dissolves. Care is taken not
to heat the solution above 125 deg. F.
The test procedure is as follows:
Fifty ml. of the clear sample to be tested is placed in a flask and a
few drops of phenolphthalein indicator added, and 10 N. sulfuric acid
is added until the solution becomes colorless, and then 1 ml. more of
the acid is added. If the solution is acid to phenolphthalein, the acid is
not added. Ten ml. of the molybdate solution and 2 ml. of the amino-
acid solution are then added, and the color intensity measured when
5 min. have elapsed at 700 millimicron wave length.
The standardization curves are obtained by diluting known
amounts of the standard phosphate solution to 50 ml. with distilled
water and proceeding in the same manner as described for the un-
known.
3. Determination of Iron.-Iron in dilute solutions was determined
by means of a colorimetric method. The reagents used are as follows:
(1) Hydrochloric acid solution. Add 50 ml. of concentrated hydro-
chloric acid to 150 ml. of distilled water.
(2) Ammonium hydroxide solution. Add 50 ml. of concentrated
ammonium hydroxide to 150 ml. of distilled water.
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(3) Hydroxylamine hydrochloride solutions. Dissolve 100 grams
of hydroxylamine hydrochloride in 900 ml. of distilled water.
(4) O-phenanthroline solution. Dissolve 1 gram of o-phenanthro-
line in 1 liter of distilled water.
(5) Standard iron solution. Dissolve 0.500 gram of pure iron in
hydrochloric acid, using a slight excess of acid and dilute to 1 liter
with distilled water. Ten ml. of this solution is diluted to 1 liter with
distilled water. One ml. of this solution contains 0.005 mg. of Fe.
The test procedure is as follows:
Fifty ml. of distilled water and 50 ml. of the clear unknown sample
are placed in separate 100-ml. volumetric flasks. A small piece of lit-
mus paper is placed in the flasks, and the solutions are made acid by
adding the hydrochloric acid solution drop by drop. One ml. of the
hydroxylamine hydrochloride solution and 5 ml. of the o-phenanthro-
line are added to each flask. The solutions are then made alkaline with
ammonium hydroxide, then barely acid with hydrochloric acid, and
the volumes diluted to 100 ml. with distilled water. The color intensity
of the solution to be tested is then determined at a wave length of 508
millimicrons, using the distilled water sample as a blank for setting
at 100 per cent transmittance.
Standardization curves are obtained by diluting known amounts
of the standard iron solution to 50 ml. with distilled water and pro-
ceeding in the same manner as described for the unknown.
4. Determination of Alkalinity.-The alkalinity of solutions has
been determined by titration with standard acid solutions to the phe-
nolphthalein and methyl orange end points, and the hydroxide and
total alkalinities calculated according to the A.P.H.A. method. 13
5. Determination of pH Values.-The pH values of solutions have
been determined by means of a glass electrode. The pH values of con-
densed steam samples have been determined in a closed cell before
the solutions have been exposed to the air. Boiler waters have been
checked on cooled samples in contact with air.
13 Standard Methods for the Examination of Water and Sewage, American Public Health
Association, 8th Ed. p. 64, 1936.
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DIVISION OF SPECIAL SERVICES
FOR WAR VETERANS
SUMMER TERM
UNIVERSITY EXTENSION DIVISION
COLLEGE OF VETERINARY MEDICINE
University Experiment Stations and Research and
Service Organizations at Urbana
AGRICULTURAL EXPERIMENT STATION
BUREAU. OF COMMUNITY PLANNING
BUREAU OP ECONOMIC AND
BUSINESS RESEARCH
BUREAU OF EDUCATIONAL RESEARCH
BUREAU OF INSTITUTIONAL RESEARCH
ENGINEERING EXPERIMENT STATION
EXTENSION SERVICE IN AGRICULTURE
AND HOME ECONOMICS
GENERAL PLACEMENT BUREAU
HIGH SCHOOL TESTING BUREAU
INSTITUTE OF AERONAUTICS
.RADIO STATION (WILL)
SERVICES FOR' CRIPPLED CHILDREN
SMALL HOMES COUNCIL
STUDENT PERSONNEL BUREAU
UNIVERSITY OF ILLINOIS PRESS
State Scientific Surveys and Other Divisiois at Urbana
STATE GEOLOGICAL S 1URVEY
STATE NATURAL HISTORY SURVEY
STATE WATER SURVEY
STATE DIAGNOSTIC LABORATORY (for
Animal Pathology)
U. S. REGIONAL SOYBEAN LABORATORY
For general catalog of the University, special circulars and other information,
address T's, REGISTRAR, UNIVERSITY OF ILLINOIS, URBANA, ILLINOIS
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